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Materials have always been crucial to human development, to

the point of being used as a reference to name specific stages of

development. The first was the Stone Age, then the Bronze Age

and then the Iron Age and on to their equivalents in modern

times viz. the Plastic Age, the Silicon Age and the Nanomateri-

als Age. About 70% of all technical innovations (as estimated

by the German federal government) can be attributed either

directly or indirectly to the properties of the materials used –

solutions are being explored on how to interface nanomaterials

with other components in the macroscopic world. Therefore, we

could reasonably state that we are entering the Composite Age.

In particular, nanocarbons display unique properties to inno-

vate in practically all technological sectors and branches of

industry. This cutting-edge use of nano-augmented composite

materials has the potential to reduce environmental pollution, to

conserve resources, to save energy, and generally, to improve

the quality of our lives.

Since the discovery of fullerenes over thirty years ago, there has

been increasing research in the area of nanocarbon materials.

Research in this field was boosted first by the discovery of car-

bon nanotubes and then by the advent of graphene and then

expanded to the area of two-dimensional materials. This

Thematic Series contains reviews and articles spanning diverse

areas of research and highlights promising applications for

energy transfer composites, coatings, biosensors, diagnostics,

biomedicine and advanced nanocarbon materials.

Many of the contributors to this Thematic Series represent a

cross-section of research subjects from participants of the Euro-

pean Cooperation in Science & Technology (COST) Action

CA15107 “MultiComp”. COST is the longest running Euro-

pean framework supporting transnational cooperation amongst

researchers, engineers and scholars across Europe. MultiComp

is a COST Action designed to bring together theorists, experi-

mentalists, technologists and industrialists in the field of

nanocarbon materials technology and currently has over 300

participants from 33 COST countries, along with participants

from Belarus, Moldova, Korea, China, Japan, Australia and

New Zealand.

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:sharali.malik@kit.edu
mailto:arkady.krasheninnikov@aalto.fi
mailto:marchesan.silvia@gmail.com
https://doi.org/10.3762%2Fbjnano.9.3


Beilstein J. Nanotechnol. 2018, 9, 20–21.

21

This Thematic Series highlights virtually all subfields of ad-

vanced nanocarbon materials research, from the longer estab-

lished fields of carbon nanofibers, graphene oxide (GO) and

multiwalled carbon nanotubes (MWCNTs) in composite materi-

als, to the newer areas of nanocarbon materials for use in

biomedicine and diagnostics. Energy transfer materials are also

well represented with articles and reviews covering aspects of

engineering, thermo-mechanical properties, photovoltaics and

Li-ion battery materials.

Last but not least, we would like to thank the staff at the

Beilstein Journal of Nanotechnology, along with all contribu-

tors and referees for making this innovative Thematic Series

possible.

Sharali Malik, Arkady Krasheninnikov, Silvia Marchesan

Karlsruhe, Aalto, and Trieste, November 2017
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Abstract
Film forming, stable hybrid latexes made of methyl metacrylate (MMA), butyl acrylate (BA) and 2-hydroxyethyl methacrylate

(HEMA) copolymer reinforced with modified multiwalled carbon nanotubes (MWCNTs) were synthesized by in situ miniemulsion

polymerization. The MWCNTs were pretreated by an air sonication process and stabilized by polyvinylpyrrolidone. The presence

of the MWCNTs had no significant effect on the polymerization kinetics, but strongly affected the polymer characteristics (Tg and

insoluble polymer fraction). The performance of the in situ composites was compared with that of the neat polymer dispersion as

well as with those of the polymer/MWCNT physical blends. The in situ composites showed the presence of an additional phase

likely due to the strong interaction between the polymer and MWNCTs (including grafting) that reduced the mobility of the

polymer chains. As a result, a substantial increase of both the storage and the loss moduli was achieved. At 60 °C, which is above

the main transition region of the polymer, the in situ composites maintained the reinforcement, whereas the blends behaved as a

liquid-like material. This suggests the formation of a 3D network, in good agreement with the high content of insoluble polymer in

the in situ composites.
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Introduction
Carbon nanotubes (CNTs) are hollow, fiber-like materials, with

a diameter on the nanometer scale and a relatively long length

on the micrometer scale, resulting in a very high aspect ratio

material. Two types of CNTs exist, those made of a single

graphene layer rolled-up into a cylinder (single-walled carbon

nanotubes (SWCNTs)) or multiwalled CNTs (MWCNTs) that

consist of two or more sheets of graphene concentrically rolled

around a hollow core. Due to the excellent electrical, optical,

thermal, mechanical, and chemical properties of CNTs, they are

considered to be an advanced material that may be useful for

multiple applications, one of which is polymer composite syn-

thesis [1-4].

By inclusion of CNTs in polymer matrices, nanostructured ma-

terials with improved mechanical, electrical and thermal proper-

ties may be synthesized. The interaction between the polymer

and the CNTs is crucial to principally determine the distribu-

tion of CNTs within the polymer matrix and to obtain the best

performance from the nanocomposites [1,2]. One way to

improve this interaction is to functionalize the surface of CNTs,

either by covalent attachment or through the supramolecular

adsorption or wrapping of suitable functionalities and even sur-

face active substances [1,2,4,5].

Various techniques have been developed for the synthesis of

CNT–polymer composites, including solution mixing [6,7],

melt blending [8-12], latex technology (blends of latexes and

CNT dispersions) [13-17], and in situ polymerization [8,12,18-

21]. In situ polymerization can be performed in solution, bulk

and in dispersed media. Polymerization in dispersed media

allows a relatively easy control of the reactor temperature

(which is a drawback of bulk polymerization), and when the

continuous medium is water, the process is much more environ-

mentally friendly than solution polymerization. Furthermore,

this technique has the potential of offering a better distribution

of CNTs in the film cast from the dispersion because the CNTs

are placed in the interstitial sites between the polymer nanopar-

ticles, which hinders CNT aggregation in the film.

Emulsion polymerization is the most frequently used water-

borne polymerization process in industry [22-26]. However,

especially for hybrid systems that contain an additional solid

phase, miniemulsion polymerization is much more versatile

[27-31]. The characteristic feature of this process is that parti-

cle formation predominantly occurs by nucleation of the

preformed miniemulsion droplets, which minimizes the changes

in the system during the particle nucleation period and does not

require massive diffusion of the components of the formulation

through the aqueous phase. Ham et al. [32,33] used a so-called

miniemulsion process in an attempt to cover SWCNTs with

polystyrene nanoparticles, where n-pentanol was used as a

hydrophobe to minimize Ostwald ripening. However,

n-pentanol is rather water soluble and it cannot hinder Ostwald

ripening. Therefore, it is doubtful that the monomer droplets

were stable. Ha et al. [18] polymerized miniemulsions prepared

by sonicating a mixture of surfactant-stabilized SWCNTs,

monomers (styrene and isoprene) and a costabilizer (hexade-

cane), finding that the surfactant was transferred to the latex

during the reaction; this led to nanotube aggregation. Donescu

et al. [34] carried out the miniemulsion polymerization of

styrene, styrene/acrylonitrile and methyl methacrylate (MMA)

in the presence of MWCNTs. Grafting of the polymer on the

MWCNTs was reported. The resulting nanocomposites were

foamed with supercritical CO2. The foams showed a decreased

pore size, an increased cell density and higher volume expan-

sion when the MWCNT concentration increased. Capek and

Kocsisova [35] studied the effect of the type and concentration

of surfactant on the kinetics of miniemulsion polymerization of

butyl acrylate (BA) in the presence of CNTs.

Waterborne polymer dispersions are mainly used for coatings

and adhesives, which involve the formation of films directly

cast from the dispersion, usually at ambient temperature

[22,24]. This limits the potential application of the dispersions

prepared in the works discussed above [18,32-34] because

high glass transition temperature (Tg) polymers that do

not form films at ambient temperature were synthesized. From

BA dispersions, the adhesive films might eventually be

prepared; however, Capek and Kocsisová [35] did not study

this.

The main aim of this work is to produce film-forming water-

borne composites for reinforced coating applications, in which

the reinforcement is achieved by addition of small amounts of

MWCNTs. The synthesis was carried out by miniemulsion

co-polymerization of MMA/BA/2-hydroxyethyl methacrylate

(HEMA) in the presence of MWCNTs. The minor amount of

HEMA in the monomer mixture was added to further improve

the interaction between the polymer and the MWCNTs. The

disentanglement of the MWCNTs bundles prior to use in

polymer composites was performed by ultrapower sonication

performed either in water or in air, and afterwards stabilization

by polyvinylpyrrolidone (PVP) in dispersion. Air-sonicated

MWCNTs allowed for a smooth polymerization reaction, result-

ing in 20 wt % solids content (s.c.), stable and film-forming

latexes with up to 1 wt % MWCNTs incorporated. Important

mechanical and thermal reinforcement was achieved due to the

3D network formation of the filler within the polymer matrix

and creation of strong interactions (including grafting between

the phases).
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Table 1: Preparation method and characteristics of the investigated samples.

Sample Preparation method Weight fraction of MWCNTs (wt %)a

blank polymer miniemulsion polymerization of neat monomers 0
in situ 0.5 wt % miniemulsion polymerization in presence of MWCNTs 0.5
in situ 1.0 wt % miniemulsion polymerization in presence of MWCNTs 1.0
blend 0.5 wt % mixing of blank polymer + MWCNTs aqueous dispersion 0.5
blend 1.0 wt % mixing of blank polymer + MWCNTs aqueous dispersion 1.0
aged in situ 0.5% in situ 0.5 wt % film stored for three years 0.5
aged blend 0.5% blend 0.5 wt % film stored for three years 0.5

aWeight percent based on monomer.

Experimental
Materials
Multiwalled carbon nanotubes (MWCNTs, length = 5–10 µm;

diameter = 10–20 nm) were purchased from IoLiTec Nanomate-

rials Co. (98.5%, Germany). Polyvinylpyrrolidone (PVP) with

molar mass of 10,000 g·mol−1 was purchased from Sigma-

Aldrich (99%). Potassium persulfate (KPS) was used as an initi-

ator and purchased from Fluka. Sodium dodecyl sulfate (SDS)

from Sigma-Aldrich (99%) and stearyl acrylate (SA) from

BASF (98%), were used as surfactant and costabilizer, respec-

tively. MMA monomer was acquired from Sigma-Aldrich

(>98.5%), BA and HEMA were purchased from Fluka (>99%)

and used as received. Double deionized water was used

throughout the experiment.

MWCNT pretreatment
MWCNTs were pretreated by sonication in air, after which they

were dispersed in water in presence of PVP. The procedure for

sonication in air was as follow: 0.35 g of MWCNTs were

placed into a 50 mL beaker that had a magnetic stirrer. An ultra-

sound tip (Branson 450 instrument, Danbury, CT) was intro-

duced into the beaker (keeping a separation between the ultra-

sound tip and magnetic stirrer of approximately 2 cm and 1 cm

separation between the tip and the MWCNTs) and the beaker

was sealed. Afterwards, ultrasound was applied for 1.5 h at 70%

of power output and 50% duty cycle under magnetic stirring

(200 rpm). In addition to disentangling the bundles, sonication

is expected to break the MWCNTs.

The aqueous dispersion of MWCNTs used in the composite

preparation was prepared by dispersing the treated MWCNTs

(0.15 g) in water (50.5 g) in the presence of polyvinylpyrroli-

done (PVP, 3 g) and sonicated for 10 min (70% of power output

and 50% duty cycle).

Miniemulsion polymerization of MMA/BA/
HEMA in the presence of MWCNTs
Batch miniemulsion polymerization samples were made in a

150 mL glass-jacketed reactor equipped with mechanical stir-

ring (200 rpm). The organic phase contained 20 g of a mixture

of MMA/BA/HEMA/SA (47.6/47.6/0.96/3.84 wt/wt or 54.76/

43.21/0.6/1.44 mol/mol). SA was used as a costabilizer to

prevent the Oswald ripening process.

It is worth pointing out that SA was incorporated into the

copolymer; therefore, strictly speaking, a MMA/BA/HEMA/SA

copolymer was formed. The aqueous phase was formed by

mixing 40 g of water with 0.2 g SDS. The aqueous and the

organic phases were mixed under vigorous stirring and this

mixture was sonicated under magnetic stirring for 15 min at 9

output control and 80% duty cycle with a Branson 450 instru-

ment (Danbury, CT). Sonication was carried out in an ice bath

to avoid overheating. After miniemulsion preparation, it was

mixed under stirring (250 rpm, 15 min) with different amounts

the aqueous dispersion of PVP-stabilized MWCNTs (0.1, 0.25,

0.5, 0.75 and 1.0 wt % with respect to monomers).

The resulting miniemulsion was bubbled with N2 for 15 min

and the temperature was raised to 70 °C. Afterwards, 0.20 g of

KPS (1 wt % with respect to monomers) were added to the

reactor to start the polymerization. The N2 flow was main-

tained throughout polymerization.

Blank polymer latexes were synthesized by miniemulsion poly-

merization using the same organic phase and 40 g of water with

0.2 g of SDS. The mixture was under agitation for 15 min and

then sonicated under magnetic stirring for 15 min (80% of duty

cycle, 9 output control, Branson 450). Sonication was carried

out in an ice bath to avoid overheating. Polymerization was

carried out at 70 °C using KPS.

Films
Films from the hybrid latexes MMA/BA/HEMA/MWCNT and

from the blends were cast on Teflon molds and dried in a con-

stant climate chamber (Espec Bench SH-641) at 25 °C and 80%

of relative humidity for 3 days. Table 1 presents the nomencla-

ture and characteristics of all the samples investigated through-

out this study.
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Table 2: Droplet z-average diameter (dd) and particle z-average diameter (dp), number of particles (Np), and gel content in the final latexes obtained
in the miniemulsion polymerization of MMA/BA/HEMA with different MWCNT concentrations.

MWCNT (wt %) dd (nm) dp (nm) Np (number/L) Weight fraction of insoluble polymer (%)

0 40 70 1.11 × 1018 0
0.10 100 101 3.71 × 1017 13
0.25 210 102 3.60 × 1017 21
0.50 246 97 4.20 × 1017 30
0.75 261 98 4.06 × 1017 45
1.0 283 99 3.94 × 1017 85

Characterization
The conversion process was performed gravimetrically [36].

Latex stability was studied by measuring the light backscat-

tered from the dispersions using a Turbiscan Lab expert appa-

ratus scanning the dispersions placed in a vial (55 mm path

length) at regular intervals. The particle size was measured by

quasielastic light scattering (QLS) with a ZEN1600 apparatus

(Malvern Instruments). The samples were prepared by diluting

one drop of latex in deionized water. The reported diameters are

the average of two subsequent measurements. It should be noted

that the content of MWCNTs after dilution is below the detec-

tion limit of the apparatus so their presence did not affect the

measurements. An insoluble fraction in tetrahydrofuran (THF)

of the composite (gel content) was determined by the Soxhlet

extraction.

The fractured composite films were prepared under liquid

nitrogen and scanning electron microscopy (SEM) images were

taken in a Hitachi S-4800. Differential scanning calorimetry

(DSC) measurements of films cast from hybrid latexes and

blends were carried out in a Q1000, TA Instruments apparatus.

5 mg of each sample were placed in standard aluminum DSC

pans and analyzed in air atmosphere at a heating rate of

10 °C/min, starting from cooling to 80 °C and heating to

120 °C. The results of the second heating scan are reported. The

conductivity of films was measured using a four-point probe

(Digital Lock-In, SR850), and the viscoelastic properties of the

films were determined in a dynamic mechanical thermal

analyzer (DMTA, Triton Technology, Tritec 2000 DMTA). The

scans were performed at a frequency of 1 Hz with a heating rate

of 4 °C min−1 and the storage and loss moduli were measured.

The measurements were run in single-cantilever bending mode

with a displacement of 0.005 mm and a length between the

clamps of 2 mm.

The mechanical properties of the films were determined by

tensile test measurement. The films with an average thickness

of 450 µm were prepared by drying in Teflon molds at 25 °C

and 80% humidity for 3 days. The measurements were per-

formed in an MTS Insight 10 instrument at a constant strain

velocity of 2 mm·s−1 at two different temperatures, 25 °C and

60 °C.

Results and Discussion
Miniemulsion polymerization kinetics and
properties of the hybrid latexes
In situ miniemulsion polymerization at 20 wt % solid content

was performed in the presence of various amounts of air-soni-

cated MWCNTs (0–1 wt % with respect to monomer) stabi-

lized by PVP. All the latexes had a dark blue color and were

very stable (Figure S1, Supporting Information File 1),

presenting less than 1 wt % coagulum after the reaction.

Table 2 presents the characteristics of the miniemulsions and

the corresponding in situ latexes prepared with air-sonicated

MWCNTs. It can be seen that the droplet size increased with in-

creased MWCNT concentration. A possible reason for this

finding is that, as the total amount of surfactant (SLS and PVP)

used in these experiments was constant, the amount of surfac-

tant available for droplet stabilization decreased as the

MWCNT concentration increased. The concentration of

MWCNTs may also have an influence on the miniemulsifica-

tion process, which is sensitive to changes in viscosity [37,38].

The comparison between the droplet and particle diameters

(Table 2) may shed some light on the relative importance of

these effects. It can be seen that a significant secondary nucle-

ation occurred and that the final particle size was not affected

by the concentration of MWCNTs. This suggests that the num-

ber of polymer particles was controlled by the surfactant avail-

able, which was independent of the MWCNT concentration, in-

dicating that the presence of MWCNTs reduced the efficiency

of the miniemulsification by increasing the viscosity of the

system. In Figure 1, the evolution of the particle size distribu-

tion per number of particles during the miniemulsion polymeri-

zation of MMA/BA/HEMA in the presence of various quanti-

ties of MWCNTs (0.1–1%) is presented.

It can be seen that, except for the 0.1 wt % MWCNT sample,

most of the particles were formed by secondary nucleation
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Figure 1: Particle size distribution in miniemulsion polymerization of MMA/BA/HEMA in the presence of various amounts of functionalized MWCNTs
at different reaction times.

likely due to the combined effect of the presence of a highly

water soluble monomer (HEMA) that promoted the formation

of oligomers in the aqueous phase, and the large droplet size

that reduced the total surface area of the droplets and conse-

quently their ability to capture oligomers from the aqueous

phase. For the 0.1 wt % sample, the particle size was similar to

the droplet size, likely because the smaller droplets had a larger

surface area, and hence they were more efficient capturing radi-

cals from the aqueous phase.

Figure 2 presents the kinetics of the miniemulsion polymeriza-

tions carried out with different air-sonicated MWCNT loads. In

all cases, final conversion yields between 96% and 100% were

obtained after 30 min of polymerization. It can be seen that,
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Table 3: Glass transition temperatures of films made of in situ and blends of poly(MMA/BA/HEMA) polymers at different air-sonicated MWCNT con-
centrations.

MWCNT content Tg1 region Tg2 region Tg3 region

0% −70 °C −40 to 50 °C 93 °C
blend 0.50% −71 °C −45 to 60 °C 92 °C
blend 1.0% −71 °C −45 to 60 °C 90 °C
in situ 0.50% −71 °C −45 to 75 °C

(additional Tg at about 50 °C )
90 °C

in situ 1.0% −69 °C −45 to 75 °C
(additional Tg at about 50 °C )

90 °C

after the initial stages, all the reactions carried out in the pres-

ence of MWCNTs presented almost the same polymerization

rate (slope of the curve conversion vs time), which agrees with

the similar number of particles. The polymerization carried out

in the absence of MWCNTs showed a higher polymerization

rate that agrees well with a higher number of polymer particles.

The discrepancies at shorter process times are common in batch

processes carried out using technical monomers (monomers

containing inhibitors).

Figure 2: Conversion vs time curves for the MMA/BA/HEMA miniemul-
sion polymerizations with different MWCNT concentrations. Continu-
ous lines are a guide to the eye.

Table 2 also shows that the fraction of insoluble polymer in

THF (often called gel) increased with the concentration of

MWCNTs, reaching values as high as 85% for 1 wt % CNTs. In

this regard, it is worth pointing out that this fraction was

measured in films, not in individual particles. On the other

hand, the blank experiment (first row in Table 2) shows that, in

agreement with previous results [39], no gel was obtained for

the monomer composition used.

The substantial increase in the fraction of insoluble polymer

with slight increase of MWCNT load could be explained by two

different processes. On one hand, polymer chains may be

grafted onto either the PVP or the surface of MWCNTs, as it

has been reported in the emulsion polymerization of styrene

initiated with KPS in the presence of MWCNTs [40] and in the

emulsion polymerization of MMA/BA with graphene filler [41].

The second reason for such a high gel content may be the

H-bonding created between the PVP-stabilized MWCNTs and

the OH groups of the polymer (due to presence of HEMA) upon

film formation.

Characterization of films cast from hybrid
latexes
SEM images of the fractured surface of the composite films

cast from hybrid latexes at different air-sonicated MWCNT

loads are presented in Figure 3, where MWCNTs appear as

white structures embedded within a dark polymer matrix. A ho-

mogeneous dispersion of the MWCNTs within the matrix is

evident at all MWCNT loadings and the presence of larger

aggregates may be observed for 1 wt % MWCNTs in

Figure 3c,d d (indicated by white arrows in Figure 3d, under

higher magnification).

In Table 3, the glass transition temperatures (Tg) of the neat

polymer and the polymer composites determined by DSC are

presented. The neat polymer and simple blends of the neat

polymer and the air-sonicated MWCNTs were used as refer-

ence samples. In all the samples, three main transition regions

were observed, which are the result of the heterogeneous com-

position of the polymer formed in the batch polymerization of

monomers with different reactivity ratios (rMMA = 2.02 ± 0.36,

rBA = 0.26 ± 0.14) [42] that yield a MMA-rich polymer (Tg =

90 ºC) at the beginning of the process and an acrylate-rich

copolymer at the end. The Tg of this copolymer was close to

−70 ºC, which indicates that it is a copolymer of BA (−54 ºC)

and SA (Tg = −111 ºC).

The broad peak from 40 ºC to about 50 ºC for the neat polymer

(Figure S2, Supporting Information File 1) corresponds to the

change of the copolymer composition during polymerization. In
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Figure 3: SEM images of the fractured surface of films made of MMA/BA/HEMA/MWCNT in situ hybrid latexes at different air-sonicated MWCNT
loadings: (a) 0.1 wt % MWCNT; (b) 0.5 wt % MWCNT; (c,d) 1 wt % MWCNT under different magnifications.

the case of the blends, this broad peak shifted 10 ºC towards

higher temperatures, which denotes that the mobility of the

polymer chains was influenced by the presence of the

MWCNTs. This, in turn, suggests significant mutual interac-

tion. The PVP used to stabilize the MWCNTs may play a key

role in those effects as it is expected to develop π–π interac-

tions with the MWCNTs and hydrogen bonding with the O–H

functionalities of the polymer.

In the in situ produced composites, the broad, middle peak

shifted to an even higher temperature with the new peak

centered at about 50 ºC. This indicates the presence of a new

phase that was attributed to grafted polymer, which also con-

tributed to the high fraction of insoluble polymer (see above).

The stronger interaction between the polymer and the

MWCNTs for in situ composites is further supported by the fact

that aging did not vary the results of the DSC measurements,

whereas for the neat polymer samples and blends, the 90 ºC

peak disappeared through microphase mixing (Figure S2, Sup-

porting Information File 1).

Figure 4a shows that the addition of MWCNTs (0.5 wt %) to

the polymer resulted in an augmentation of the storage modulus

(i.e., stiffness) over the entire temperature range. In addition,

the loss modulus of the composites was also higher than that of

the blank polymer (Figure 4b), namely the energy dissipation as

heat was promoted. This may be due to an additional energy

dissipation mechanism when the MWCNTs slide at the inter-

face with polymer in presence of PVP, as previously reported in

case of organic/inorganic hybrids [43].

The strong polymer–MWCNT interaction substantially im-

proves the mechanical properties of the in situ composites, par-

ticularly at high temperatures. Figure 4 shows that, whereas in

the glassy state (T < 20 °C) there was no difference between the

blends and in situ composites, in the rubbery region, both the
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Figure 4: (a) Storage modulus and (b) loss modulus of the films made of MMA/BA/HEMA/air-sonicated MWCNT.

Figure 5: Stress–strain behavior of MWCNT/polymer composites (a) at 25 ºC and (b) at 60 ºC.

storage and the loss moduli were higher for the in situ compos-

ite. The effect was particularly noticeable above 60 ºC. The

high moduli of the in situ composites in the high temperature

region suggest the formation of 3D networks of the filler within

the polymer matrix and significant crosslinking between the

both phases [18].

In order to gain deeper insight into the reinforcement effect of

the MWCNTs in these composites, stress–strain testing of the

films was performed at 25 ºC and at 60 ºC (Figure 5).

At 25 ºC, the addition of MWCNTs led to a substantial rein-

forcement of the polymer with significant differences between

blends and in situ composites. Whereas the blends showed a

high Young’s modulus followed by a softening after the yield

point, the in situ components presented a lower Young’s

modulus with a gradual transition from elastic to plastic behav-

ior. In addition, they had a much higher stress at break.

The differences between blends and in situ composites were

more acute in the tensile tests carried out at 60 ºC, where the in

situ composites maintained the reinforcement, but the neat

polymer and the blends behaved as liquid-like materials. As the

amount of MWCNTs is the same in the blend and in the in situ

composites, the reinforcement was clearly due to the improved

interaction between MWCNTs and the polymer, and due to the

formation of the 3D reinforcing network of MWCNTs within

the matrix.

Conclusion
Film-forming polymer–MWCNT composite dispersions were

synthesized in situ by miniemulsion polymerization of MMA/
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BA/HEMA/SA in the presence of varying amounts of air-soni-

cated MWCNTs, stabilized in aqueous dispersions by means of

PVP. The reactions proceeded smoothly and resulted in stable,

colloidal, hybrid latexes without coagulum. The presence of the

MWCNTs had no significant effect on polymerization kinetics,

but strongly increased the fraction of insoluble polymer that

was attributed to the interaction between the OH groups of the

copolymer and the PVP-stabilized MWCNTs and as well to the

possible grafting of polymer chains onto MWCNTs. Because

monomers with different reactivity ratios were polymerized in

batch, a heterogeneous copolymer showing different Tg values

was obtained. The in situ composites showed the presence of an

additional phase likely formed as a result of the strong interac-

tions between polymer and MWNCTs (including grafting) that

reduced the mobility of the polymer chains.

The MWCNTs were homogeneously dispersed within compos-

ite films formed from the hybrid latexes up to a load of 1 wt %

MWCNTs, where the presence of larger aggregates was

noticed. The performance of the in situ composites was com-

pared with that of the neat polymer dispersion, as well as with

those of polymer/MWCNT physical blends. The addition of

MWCNTs resulted in a substantial increase of both the storage

and the loss moduli. At 60 ºC, which is above the main transi-

tion region of the polymer, the in situ composites maintained

the reinforcement, whereas the blends behave as a liquid-like

material. This suggests the formation of a 3D network in good

agreement with the high content of insoluble polymer in the in

situ composites.

Supporting Information
Supporting Information File 1
Colloidal stability of the latexes and the aging effect on the

stability of the composite films.

Colloidal stability of polymer and hybrid (in situ 1 wt %

MWCNT) latexes, measured by light backscattered from

the dispersions, is shown. Differential scanning calorimetry

(DSC) results for neat polymer and composite in situ and

blend with 0.5 wt % MWCNT are presented for as-received

and aged latexes (for three years).

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-134-S1.pdf]

Acknowledgements
The authors would like to thank the National Council of Science

and Technology (CONACyT-México) for the master scholar-

ship for B.T. Pérez-Martínez. V.M. Ovando-Medina acknowl-

edges Dr. Lorena Farías-Cepeda for the hospitality during the

sabbatical leave in the UAdeC. Diputación Foral de Gipuzkoa,

University of Basque Country UPV/EHU (UFI 11/56), Basque

Government (GV IT999-16) and Spanish Government

(CTQ2016-80886-R) are gratefully acknowledged for their

financial support. The authors would like to acknowledge the

contribution of the COST Action CA15107 (MultiComp). Dr.

Gracia Patricia Leal is kindly acknowledged for the SEM

analyses.

References
1. Ma, P.-C.; Siddiqui, N. A.; Marom, G.; Kim, J.-K. Composites, Part A

2010, 41, 1345–1367. doi:10.1016/j.compositesa.2010.07.003
2. Balasubramanian, K.; Burghard, M. Small 2005, 1, 180–192.

doi:10.1002/smll.200400118
3. Park, S.; Vosguerichian, M.; Bao, Z. Nanoscale 2013, 5, 1727–1752.

doi:10.1039/c3nr33560g
4. Wang, X. J.; Liu, Z. Chin. Sci. Bull. 2012, 57, 167–180.

doi:10.1007/s11434-011-4845-9
5. Karousis, N.; Tagmatarchis, N.; Tasis, D. Chem. Rev. 2010, 110,

5366–5397. doi:10.1021/cr100018g
6. Bryning, M. B.; Milkie, D. E.; Islam, M. F.; Kikkawa, J. M.; Yodh, A. G.

Appl. Phys. Lett. 2005, 87, 161909. doi:10.1063/1.2103398
7. Sundararajan, P. R.; Singh, S.; Moniruzzaman, M. Macromolecules

2004, 37, 10208–10211. doi:10.1021/ma048269g
8. Araujo, R. S.; Oliveira, R. J. B.; Marques, M. d. F. V.

Macromol. React. Eng. 2014, 8, 747–754.
doi:10.1002/mren.201400012

9. Jin, Z.; Pramoda, K. P.; Xu, G.; Goh, S. H. Chem. Phys. Lett. 2001,
337, 43–47. doi:10.1016/S0009-2614(01)00186-5

10. Kim, J. Y.; Kim, S. H. J. Polym. Sci., Part B: Polym. Phys. 2006, 44,
1062–1071. doi:10.1002/polb.20728

11. Zhang, Q.-H.; Chen, D.-J. J. Mater. Sci. 2004, 39, 1751–1757.
doi:10.1023/B:JMSC.0000016180.42896.0f

12. Annala, M.; Lahelin, M.; Seppälä, J. eXPRESS Polym. Lett. 2012, 6,
814–825. doi:10.3144/expresspolymlett.2012.87

13. Grossiord, N.; Loos, J.; Regev, O.; Koning, C. E. Chem. Mater. 2006,
18, 1089–1099. doi:10.1021/cm051881h

14. Jurewicz, I.; Keddie, J. L.; Dalton, A. B. Langmuir 2012, 28,
8266–8274. doi:10.1021/la301296u

15. Jurewicz, I.; Worajittiphon, P.; King, A. A. K.; Sellin, P. J.; Keddie, J. L.;
Dalton, A. B. J. Phys. Chem. B 2011, 115, 6395–6400.
doi:10.1021/jp111998p

16. Wang, T.; Lei, C.-H.; Dalton, A. B.; Creton, C.; Lin, Y.;
Fernando, K. A. S.; Sun, Y.-P.; Manea, M.; Asua, J. M.; Keddie, J. L.
Adv. Mater. 2006, 18, 2730–2734. doi:10.1002/adma.200601335

17. Wang, T.; Lei, C.-H.; Liu, D.; Manea, M.; Asua, J. M.; Creton, C.;
Dalton, A. B.; Keddie, J. L. Adv. Mater. 2008, 20, 90–94.
doi:10.1002/adma.200700821

18. Ha, M. L. P.; Grady, B. P.; Lolli, G.; Resasco, D. E.; Ford, W. T.
Macromol. Chem. Phys. 2007, 208, 446–456.
doi:10.1002/macp.200600521

19. Lahelin, M.; Vesterinen, A.; Nykänen, A.; Ruokolainen, J.; Seppälä, J.
Eur. Polym. J. 2011, 47, 873–881. doi:10.1016/j.eurpolymj.2011.02.020

20. Nie, M.; Xia, H.; Wu, J. Iran. Polym. J. 2013, 22, 409–416.
doi:10.1007/s13726-013-0141-7

21. Xia, H.; Qiu, G.; Wang, Q. J. Appl. Polym. Sci. 2006, 100, 3123–3130.
doi:10.1002/app.22934

22. Takamura, K.; Urban, D. Polymer Dispersions and Their Industrial
Applications; Willey-VCH: London, U.K., 2002.

http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-134-S1.pdf
http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-134-S1.pdf
https://doi.org/10.1016%2Fj.compositesa.2010.07.003
https://doi.org/10.1002%2Fsmll.200400118
https://doi.org/10.1039%2Fc3nr33560g
https://doi.org/10.1007%2Fs11434-011-4845-9
https://doi.org/10.1021%2Fcr100018g
https://doi.org/10.1063%2F1.2103398
https://doi.org/10.1021%2Fma048269g
https://doi.org/10.1002%2Fmren.201400012
https://doi.org/10.1016%2FS0009-2614%2801%2900186-5
https://doi.org/10.1002%2Fpolb.20728
https://doi.org/10.1023%2FB%3AJMSC.0000016180.42896.0f
https://doi.org/10.3144%2Fexpresspolymlett.2012.87
https://doi.org/10.1021%2Fcm051881h
https://doi.org/10.1021%2Fla301296u
https://doi.org/10.1021%2Fjp111998p
https://doi.org/10.1002%2Fadma.200601335
https://doi.org/10.1002%2Fadma.200700821
https://doi.org/10.1002%2Fmacp.200600521
https://doi.org/10.1016%2Fj.eurpolymj.2011.02.020
https://doi.org/10.1007%2Fs13726-013-0141-7
https://doi.org/10.1002%2Fapp.22934


Beilstein J. Nanotechnol. 2017, 8, 1328–1337.

1337

23. van Herk, A. M.; Gilber, R. G. Emulsion Polymerisation. In Chemistry
and Technology of Emulsion Polymerisation; van Herk, A. M., Ed.;
John Wiley & Sons Ltd., 2013; pp 43–74.
doi:10.1002/9781118638521.ch3

24. Daniel, J.-C. Aspects industriels. Les grandes familles de produits et de
procédés industriels. In Les Latex Synthétiques. Élaboration,
Propriétés, Applications; Daniel, J.-C.; Pichot, C., Eds.; Lavoisier:
Paris, 2006; pp 319–329.

25. Barandiaran, M. J.; de la Cal, J. C.; Asua, J. M. Emulsion
Polymerization. In Polymer Reaction Engineering; Asua, J. M., Ed.;
Blackwell Publishing Ltd.: Oxford, U.K., 2007; pp 233–272.
doi:10.1002/9780470692134.ch6

26. Tomovska, R.; de la Cal, J. C.; Asua, J. M. Reactions in heterogeneous
media: emulsion, miniemulsion, microemulsion, suspension, and
dispersion polymerization. In Monitoring Polymerization Reactions:
From Fundamentals to Applications; Reed, W. F.; Alb, A. M., Eds.;
John Wiley & Sons: Hoboken, New Jersey, 2014.
doi:10.1002/9781118733813.ch4

27. Asua, J. M. Prog. Polym. Sci. 2002, 27, 1283–1346.
doi:10.1016/S0079-6700(02)00010-2

28. Schork, F. J.; Luo, Y.; Smulders, W.; Russum, J. P.; Butti, A.;
Fontenot, K. Adv. Polym. Sci. 2005, 175, 129–255.
doi:10.1007/b100115

29. Weiss, C. K.; Landfester, K. Adv. Polym. Sci. 2010, 233, 185–236.
doi:10.1007/12_2010_61

30. Asua, J. M. Prog. Polym. Sci. 2014, 39, 1797–1826.
doi:10.1016/j.progpolymsci.2014.02.009

31. Paulis, M.; Asua, J. M. Macromol. React. Eng. 2016, 10, 8–21.
doi:10.1002/mren.201500042

32. Ham, H. T.; Choi, Y. S.; Chee, M. G.; Chung, I. J.
J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 573–584.
doi:10.1002/pola.21185

33. Ham, H. T.; Choi, Y. S.; Jeong, N.; Chung, J. Polymer 2005, 46,
6308–6315. doi:10.1016/j.polymer.2005.05.062

34. Donescu, D.; Corobea, M. C.; Petcu, C.; Spataru, C. I.; Ghiurea, M.;
Somoghi, R.; Gabor, R.; Thomassin, J.-M.; Alexandre, M.; Jerome, C.
J. Appl. Polym. Sci. 2014, 131, 41148. doi:10.1002/app.41148

35. Capek, I.; Kocsisová, T. Polym. J. 2011, 43, 700–707.
doi:10.1038/pj.2011.50

36. Goldwasser, J. M.; Rudin, A. J. Polym. Sci., Polym. Chem. Ed. 1982,
20, 1993–2006. doi:10.1002/pol.1982.170200803

37. Manea, M.; Chemtob, A.; Paulis, M.; de la Cal, J. C.;
Barandiaran, M. J.; Asua, J. M. AIChE J. 2008, 54, 289–297.
doi:10.1002/aic.11367

38. López, A.; Chemtob, A.; Milton, J. L.; Manea, M.; Paulis, M.;
Barandiaran, M. J.; Theisinger, S.; Landfester, K.; Hergeth, W. D.;
Udagama, R.; McKenna, T.; Simal, F.; Asua, J. M.
Ind. Eng. Chem. Res. 2008, 47, 6289–6297. doi:10.1021/ie701768z

39. González, I.; Asua, J. M.; Leiza, J. R. Polymer 2007, 48, 2542–2547.
doi:10.1016/j.polymer.2007.03.015

40. Shaffer, M. S. P.; Koziol, K. Chem. Commun. 2002, 18, 2074–2075.
doi:10.1039/b205806p

41. Arzac, A.; Leal, G. P.; Fajgar, R.; Tomovska, R.
Part. Part. Syst. Charact. 2014, 31, 143–151.
doi:10.1002/ppsc.201300286

42. Roos, S. G.; Müller, A. H. E.; Matyjaszewski, K. Macromolecules 1999,
32, 8331–8335. doi:10.1021/ma9819337

43. Daniloska, V.; Keddie, J. L.; Asua, J. M.; Tomovska, R.
ACS Appl. Mater. Interfaces 2014, 6, 22640–22648.
doi:10.1021/am506726f

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.8.134

https://doi.org/10.1002%2F9781118638521.ch3
https://doi.org/10.1002%2F9780470692134.ch6
https://doi.org/10.1002%2F9781118733813.ch4
https://doi.org/10.1016%2FS0079-6700%2802%2900010-2
https://doi.org/10.1007%2Fb100115
https://doi.org/10.1007%2F12_2010_61
https://doi.org/10.1016%2Fj.progpolymsci.2014.02.009
https://doi.org/10.1002%2Fmren.201500042
https://doi.org/10.1002%2Fpola.21185
https://doi.org/10.1016%2Fj.polymer.2005.05.062
https://doi.org/10.1002%2Fapp.41148
https://doi.org/10.1038%2Fpj.2011.50
https://doi.org/10.1002%2Fpol.1982.170200803
https://doi.org/10.1002%2Faic.11367
https://doi.org/10.1021%2Fie701768z
https://doi.org/10.1016%2Fj.polymer.2007.03.015
https://doi.org/10.1039%2Fb205806p
https://doi.org/10.1002%2Fppsc.201300286
https://doi.org/10.1021%2Fma9819337
https://doi.org/10.1021%2Fam506726f
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.134


1553

Luminescent supramolecular hydrogels from a tripeptide and
nitrogen-doped carbon nanodots
Maria C. Cringoli1, Slavko Kralj1,2, Marina Kurbasic1, Massimo Urban1

and Silvia Marchesan*1

Full Research Paper Open Access

Address:
1Department of Chemical and Pharmaceutical Sciences, University of
Trieste, Via L. Giorgieri 1, Trieste 34127, Italy, and 2Department for
Materials Synthesis, Jožef Stefan Institute, Jamova 39, Ljubljana
1000, Slovenia

Email:
Silvia Marchesan* - smarchesan@units.it

* Corresponding author

Keywords:
carbon nanodots; composites; hydrogels; nanomaterials; peptide
self-assembly

Beilstein J. Nanotechnol. 2017, 8, 1553–1562.
doi:10.3762/bjnano.8.157

Received: 23 April 2017
Accepted: 06 July 2017
Published: 01 August 2017

This article is part of the Thematic Series "Advances in nanocarbon
composite materials".

Associate Editor: R. Jin

© 2017 Cringoli et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
The combination of different components such as carbon nanostructures and organic gelators into composite nanostructured hydro-

gels is attracting wide interest for a variety of applications, including sensing and biomaterials. In particular, both supramolecular

hydrogels that are formed from unprotected D,L-tripeptides bearing the Phe-Phe motif and nitrogen-doped carbon nanodots

(NCNDs) are promising materials for biological use. In this work, they were combined to obtain luminescent, supramolecular

hydrogels at physiological conditions. The self-assembly of a tripeptide upon application of a pH trigger was studied in the pres-

ence of NCNDs to evaluate effects at the supramolecular level. Luminescent hydrogels were obtained whereby NCND addition

allowed the rheological properties to be fine-tuned and led to an overall more homogeneous system composed of thinner fibrils with

narrower diameter distribution.

1553

Introduction
Carbon nanodots (CNDs) are quasi-spherical nanoparticles with

a diameter less than 10 nm. They are a very interesting class of

nanocarbons because of their excellent water solubility, ease of

functionalization, high chemical stability and resistance to

photo-bleaching. In particular, CNDs have attracted particular

interest in light of their biocompatibility, combined with their

fascinating fluorescence properties, such as excitation-depend-

ent emission range. Their properties allow them to have an im-

portant impact in biological and environmental applications as

alternatives to traditional, toxic, semiconductor-based quantum

dots (QDs). They can be employed as biosensors in bioimaging,

drug delivery, and in the photoreduction of metals, since they

have electron transfer and redox properties. There are two main

methods to synthesize CNDs: top-down (e.g., laser ablation,

electrochemical synthesis) and bottom-up (e.g., combustion,

microwave irradiation) [1,2]. In particular, the use of micro-

wave (MW) irradiation is an interesting synthetic approach,

which allows several molecular precursors to be employed,
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Scheme 1: Microwave-assisted formation of nitrogen-doped carbon nanodots from arginine [6].

such as amino acids in aqueous solution [3]. As an example,

L-tyrosine was used to form hydrophobic CNDs able to sense

ions and silver nanoparticles [4]. Arginine or cysteine have also

been efficiently employed as starting materials through a hydro-

thermal route [5]. Alternatively, in a convenient MW-based

method, arginine was shown to be a useful starting material

towards highly fluorescent nitrogen-doped CNDs (NCNDs) that

were chosen for the present study (Scheme 1) [6].

Several works have reported incorporation of CNDs into hydro-

gels as an interesting method to control fluorescence quenching

upon application of a specific trigger, and to introduce new

physical and optical properties of interest [7,8]. Such systems

can be useful in several applications, such as bacteria detection

[9], sensing of reactive oxygen species (ROS) and screening for

apoptotic activity of 5-fluorouracil [10]. Hydrogels containing

CNDs reported thus far are mainly composed of cross-linked

macro-polymer networks, such as poly-(N-vinylcaprolactam)

(PVCL) [11] or poly(N-isopropylacrylamide) (PNIPAM), which

is a thermoresponsive polymer suitable for biomedical and envi-

ronmental applications [12,13]. Carbohydrates such as chitosan

[14,15], alginate [16], and agarose [7,17] hydrogels have also

been used to incorporate CNDs.

Only a very few studies have incorporated CNDs into supramo-

lecular hydrogels obtained from low-molecular-weight gelators

(LMWGs). Relative to gelling polymers, LMWGs have many

advantages including well-defined chemical composition, and

the possibility to achieve reversible gelation upon application of

a specific trigger. Thus, smart, soft materials that can adapt to

the environment can be obtained, mimicking natural biological

tissues to address demanding therapeutic challenges [18]. In

2015, Steed et al. reported CND–hydrogel hybrids obtained

from bis(urea) derivatives used as LMWGs [19] that displayed

considerable fluorescence enhancement relative to CNDs alone

and showed promising performance in silver ion selective deter-

mination [20]. In 2016, the interesting hydrogelation ability of

guanosine 5′-monophosphate (5′-GMP)-derived CNDs was also

reported [21]. To the best of our knowledge, the addition of

CNDs to peptide-based hydrogels has not yet been investigated,

despite this being an interesting class of supramolecular soft

materials.

Peptide self-assembled hydrogels are inherently biocompatible

and biodegradable and thus are promising biomaterials for cell

culture, regenerative medicine, tissue engineering, and drug

delivery applications [22]. The identification of self-assembling

peptides that are as short as possible is highly useful due to the

low cost and simplicity of synthesis, as opposed to longer

peptides that require solid-phase-peptide synthesis [23]. The

most typical approach employs N-capped short peptides, espe-

cially whereby the N-capping group is a hydrophobic, aromatic

moiety that assists self-assembly in water [24]. In 2012, the first

systems of uncapped tripeptides were reported to self-assemble

into nanostructured hydrogels at physiological conditions and

without the need for organic solvents. These tripeptides were

heterochiral, that is, composed of both D- and L-amino acids,

and they formed hydrogels following a pH change, while their

homochiral stereoisomers did not.

In particular, the tripeptide DLeu-Phe-Phe, which was chosen

for the present study, immediately formed a self-supporting

hydrogel [25]. In a typical protocol, the tripeptide was first dis-

solved as an anion in an alkaline buffer thanks to electrostatic

repulsion between molecules. Then, the addition of a second

buffer was used to lower the pH to neutral. This tripeptide

proved to be a strong gelator able to co-assemble into nano-

structured hydrogels with aromatic small molecules. In this

manner, it yielded a useful vehicle for the sustained release of

the poorly soluble antibiotic ciprofloxacin [26]. Fluorescent

hydrogels were formed from co-assembly with a dye into nano-

structures of different morphology, depending on whether the

dye was added initially to the peptide in the alkaline buffer

solution, or later to the second buffer that triggered self-

assembly, thus showing different outcomes depending on the

protocol used [27].
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Table 1: Experiments to probe the effects of NCND presence on peptide self-assembly (SA).

Peptide final concentrationa NCND concentration
(relative to the peptide)

Hydrogel formation?
NCND prior to SAb

Hydrogel formation?
NCND during SAc

5 mM 0.02 mg/mL (1% w/w) No Yes
5 mM ≥0.05 mg/mL (2.5% w/w) No No
10 mM 0.04 mg/mL (1% w/w) No Yes
10 mM 0.1 mg/mL (2.5% w/w) No Yes
10 mM 0.2 mg/mL (5% w/w) No Yes
10 mM ≥0.4 mg/mL (10% w/w) No No
15 mM 0.7 mg/mL (10% w/w) Yes Yes
15 mM 1.0 mg/mL (15% w/w) Yes Yes
15 mM ≥1.4 mg/mL (20% w/w) No No

aThe peptide alone forms hydrogels already at 5 mM. bNCNDs are dispersed in the alkaline buffer. cNCNDs are dispersed in the acidic buffer.

In this study, we report for the first time two different protocols

for NCND incorporation into supramolecular hydrogels

composed of an uncapped tripeptide, DLeu-Phe-Phe, and char-

acterize the system by rheometry, fluorescence, circular dichro-

ism (CD), FTIR spectroscopy, transmission electron microsco-

py (TEM), and differential scanning calorimetry (DSC). Given

that this tripeptide is capable of forming a hydrogel with mild

antimicrobial activity and a lack of cytotoxicity in vitro [26],

this new system could be valuable for the development of

wound healing applications [28], whereby luminescence could

be advantageous to visually track the presence of the hydrogel

and the ability of its components to penetrate through the derma

[29]. In addition, peptide hydrogels based on the Phe-Phe motif

[30,31] and bearing unnatural D-amino acids [32,33] are attrac-

tive biomaterials that may display higher durability relative to

traditional peptide counterparts, in addition to better biocompat-

ibility and the possibility to incorporate bioactive motifs rela-

tive to non-peptide hydrogels. Therefore, in the long term, a

supramolecular hydrogel composed of a peptide and lumines-

cent nanodots could be valuable for tissue regeneration based

on a bioactive scaffold that can be also visualized in vivo by

fluorescence microscopy. Alternatively, other potential applica-

tions could be developed in the future for drug delivery and

even sensing, if the nanodots were suitably derivatized to

release a drug or undergo fluorescence quenching upon binding

of a specific target molecule.

Results and Discussion
Peptide self-assembly in the presence of
NCNDs
The incorporation of carbon nanostructures into hydrogels is a

useful approach to introduce additional properties to soft mate-

rials. In the case of self-assembling peptides, non-covalent π–π

interactions between the nanocarbon and aromatic residues of

the peptide offer a convenient means to bring the two compo-

nents together into a supramolecular system [34]. This rationale

could also be applied to NCNDs and the tripeptide DLeu-Phe-

Phe, which were evaluated for co-assembly into hydrogels

following a pH trigger from alkaline to neutral. Different

scenarios were envisaged: the presence of the NCNDs 1) could

promote peptide self-assembly by acting as a nucleation agent,

2) could hinder self-assembly of the peptide, or 3) might not

interact with the peptide. To verify the effects of NCNDs on the

supramolecular behavior of the tripeptide, a series of experi-

ments were performed as outlined in Table 1, with different

amounts of each component dissolved in either buffer or

together in the alkaline buffer.

It is apparent that the presence of NCND hindered peptide

supramolecular organization, and even more so when peptide

and NCND were dissolved together prior to self-assembly (i.e.,

NCND and peptide were both added to the alkaline buffer). In-

creasing the peptide concentration up to nearly its solubility

limit (i.e., for a final peptide concentration of 15 mM in the

hydrogel) progressively increased the amount of NCND that

could be tolerated by the peptide to achieve self-assembly, up to

a maximum of 1 mg/mL or 15% w/w relative to DLeu-Phe-Phe

(highlighted in Table 1). In this case, self-supportive hydrogels

were formed regardless of the protocol used (i.e., addition of the

NCNDs to either alkaline or acidic buffer), as shown in

Figure 1. Both conditions were further investigated since

peptide nanostructure morphology may change significantly

upon co-assembly with other molecular components, depending

onto whether the latter were added either to the alkaline or the

acidic buffer [27].

Rheological properties of NCND–peptide
hydrogels
The rheological properties of the hydrogels were assessed by

means of oscillatory rheometry (Figure 2). In all cases, gelation

was so rapid that the monitoring of the sol-to-gel transition was

not possible. Time sweep experiments (Figure 2a,c,e) revealed
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Figure 2: Oscillatory rheometric data for the hydrogels. Time sweeps (left) and stress sweeps (right) for the hydrogel composed of the peptide alone
(a,b), and with NCNDs added either to alkaline buffer (c,d) or to acidic buffer (e,f).

Figure 1: Hydrogels obtained from DLeu-Phe-Phe (15 mM) and
NCNDs at 1 mg/mL (15% w/w relative to the peptide) dissolved either
in alkaline buffer with the peptide prior to self-assembly (left), or in
acidic buffer that was added to the peptide alkaline solution to trigger
self-assembly (right).

that relative to the peptide alone, which reached an elastic

modulus G’ of 20 kPa within 1 h (Figure 2a), the addition of

NCNDs to the peptide prior to self-assembly (Figure 2c) did not

slow down gelation kinetics. Both the elastic (G’) and viscous

(G’’) moduli were significantly reduced, yielding softer hydro-

gels (G’ of 3 kPa within 1 h). Instead, when the NCNDs were

added to the peptide during the pH trigger, gelation kinetics

were slowed down. However, over 1 h, the hydrogel had

already reached an elastic modulus of 10 kPa, thus yielding a

stiffer material relative to the former case (Figure 2e). In any

case, at any given time point, the hydrogels containing NCNDs

displayed a lower elastic modulus G’ relative to the peptide

alone. This phenomenon could be compatible with the presence

of thinner bundles of fibers.

Stress sweeps (Figure 2b,d,f) were employed to monitor varia-

tions in the hydrogel resistance to applied stress. Relative to the

peptide alone (Figure 2b), NCND addition (Figure 2d,f) in-

creased the linear viscoelastic region, thus improving the mate-

rial stability to external forces, especially when NCNDs were

added to the acidic buffer. This observation was compatible

with better interconnected networks of fibrils in the presence of

NCND. Frequency sweep experiments confirmed in all cases a

hydrogel nature with G’ > G’’ and both G’ and G’’ indepen-
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dent of the applied frequency (see Supporting Information

File 1).

Overall, from a rheological point of view, the addition of

NCNDs increased the peptide hydrogel stability to applied

stress and offered the opportunity to fine-tune stiffness or gela-

tion kinetics, depending on the protocol used to prepare the ma-

terial.

Fluorescence properties of NCND–peptide
hydrogels
The excitation-dependent fluorescence emission range of the

NCNDs was probed within the hydrogel structure (Figure 3). As

expected, the peptide hydrogel showed negligible fluorescence

properties at the wavelengths explored, while the NCNDs

displayed intense fluorescence, especially in the UV region [6].

Relative to NCNDs in solution, their incorporation within the

hydrogel matrix resulted in a decrease of their fluorescence

emission intensity, accounting for nearly 30% upon excitation

at 300 nm, and 20–25% upon excitation at longer wavelengths.

Nevertheless, the hydrogels were intensely luminescent as seen

under UV-light illumination (Figure 3a). No significant differ-

ence was observed between the materials prepared according to

the two different protocols. Importantly, upon incorporation

into the hydrogel matrix, no shift in NCND fluorescence

emission spectra was registered, and the NCND fluorescence

stability was not affected over a 7-day period.

Figure 3: a) NCND–peptide hydrogel fluorescence as seen under
UV-light illumination. b) Excitation-dependent fluorescence of the
hydrogels and NCNDs in solution.

Peptide conformation in the presence of
NCNDs
Peptide conformation was assessed by means of circular dichro-

ism (CD), FTIR spectroscopy, and thioflavin T fluorescence.

CD was used to monitor self-assembly over one hour

(Figure 4). In all cases, self-assembly led to a spectrum that was

very distinctive of the supramolecular structure and markedly

different to the peptide in solution (see Supporting Information

File 1). Overall, the main features of the peptide hydrogel CD

spectra were maintained after NCND addition with quantitative

rather than qualitative differences observed. Signal evolution

occurred mainly during the initial 10 minutes, with only minor

variations over time for the NCND-containing hydrogels.

The 200–220 nm region, which is attributed to amide signals

and is thus related to peptide conformation, was characterized

by negative minima that were compatible with supramolecular

beta-sheets. In particular, three minima were present: one at

206 nm that was more intense for the peptide hydrogel, and

another two at 216 and 219 nm that were more intense after ad-

dition of NCNDs. In particular, the intensity of the latter was

nearly doubled in the presence of NCNDs (Figure 4b). FTIR

spectroscopy did not reveal significant differences in the amide

I signal between samples (see Supporting Information File 1),

suggesting that NCND addition did not significantly affect

overall peptide conformation (e.g., from beta-sheets to random

coil or else). This hypothesis was further supported by the CD

spectrum of the peptide in solution that was unchanged in the

presence of NCNDs (see Supporting Information File 1).

Thioflavin T fluorescence was thus used to further understand

NCND effects on the peptide supramolecular structure. Thio-

flavin T is a dye that binds to hydrophobic grooves formed by at

least four consecutive beta-strands, leading to fluorescence that

is used to assess the peptide amyloid character [35]. Fluores-

cence arises from the limited rotation of a single bond between

two aromatic rings composing the dye, namely the benzothia-

zole and the dimethylanilino units [36]. Although its fluores-

cence can also be increased by an increase of solvent viscosity

[36], in aqueous environments, it is effectively and universally

used as an amyloid marker thanks to its ability to laterally bind

to the surface of peptide fibrils [37]. This interaction has been

the subject of numerous studies that overall elucidated that an

increase in fluorescence intensity linearly correlates to amyloid

fibril concentration [38].

In the presence of the dye, the NCNDs showed negligible fluo-

rescence at the wavelength probed, in contrast with the self-

assembled peptide, which is in agreement with the literature

[25]. Unexpectedly, the addition of NCNDs to the hydrogel led

to an over a two-fold increase in thioflavin T fluorescence,

regardless of the protocol used (Figure 5). Considering that the

addition of NCNDs reduced the overall viscosity of the

hydrogel systems, as revealed by rheometry, it is unlikely that

the noted increase in fluorescence is to be ascribed to viscosity



Beilstein J. Nanotechnol. 2017, 8, 1553–1562.

1558

Figure 4: a) CD spectra of self-assembled hydrogel evolution over time. The arrow indicates the direction of signal evolution. The amide signals
display three minima at 206, 216 and 219 nm (denoted by *) that are displayed individually over time in b). Note: plotted [Θ] units have been divided
by 1000.

Figure 5: Thioflavin T fluorescence assay.

variations. Overall, while NCNDs did not modify peptide con-

formation, they appeared to favor the formation of supramolec-

ular extended beta-sheets that could bind thioflavin T. This

resulted in more intense CD minima at 216 and 219 nm and

more intense thioflavin T fluorescence.

Nanostructure morphology of NCND–peptide
hydrogels
Transmission electron microscopy (TEM) was used to assess

the nanostructure of the hydrogels (Figure 6). Once self-assem-

bled, the tripeptide formed elongated fibrils that bundled into

thicker fibers, forming a three-dimensional network that

entrapped water. Typical hydrogel samples composed of

peptide alone under TEM imaging appeared as networks of

fibers of highly heterogeneous thickness, with a wide distribu-

tion ranging from individual fibrils to thick bundles that grow in

thickness over time [25]. The TEM imaging performed in the

present study confirmed the presence of the anisotropic struc-

tures in all cases, with no significant difference in individual

fibril diameter upon addition of NCNDs (i.e., 9 ± 3 nm for the

peptide alone, and 10 ± 2 nm upon addition of NCNDs, regard-

less of the protocol used). In all cases, there was a high density

of fibrils with length exceeding the field-of-view of several

micrometers, thus hindering the possibility to quantify minor

differences in fibril number or length. However, the number of

fibrils running in parallel, reflecting their tendency to bundle,

appeared higher in the absence of NCNDs, which may play a

role in explaining the thioflavin T fluorescence data. Indeed, the

presence of higher numbers of thinner and less bundled fibrils

could result in a higher accessible surface area for thioflavin T

binding.

Due to their small diameter (<2 nm), the NCNDs could not

clearly be discerned individually by TEM. However, their pres-

ence was compatible with less dense areas in between fibrils, in
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Figure 6: TEM micrographs of hydrogels containing peptide (a) and NCNDs added to either alkaline (b) or acidic (c) buffer. Scale bar = 200 nm for all
images.

agreement with a lack of a strong interaction of the peptide.

However, it was not possible to identify whether NCNDs were

also present within the peptide fibrils, giving scope for future

investigations to elucidate these systems in further detail.

In a separate set of experiments, a gradual pH change was also

investigated to monitor the effects on nanofibril morphology.

Briefly, the samples were prepared as previously described, but

the acidic buffer was added dropwise to achieve the desired pH.

During sample preparation, it was evident that as soon as each

drop of the second buffer was added to the system, peptide self-

assembly immediately occurred locally before the system could

be homogenized by mixing. As a result, all samples displayed a

heterogeneous nature, with gel mass and liquid phase around it

until gelation was complete. Such a heterogeneous nature was

also present at the nanoscale, as revealed by TEM, with wide

distribution of fiber diameters in all samples, with and without

NCNDs (see Supporting Information File 1). These observa-

tions are not surprising since it is well known that the nano-

structure outcome of self-assembly is greatly influenced by ex-

perimental conditions and gelation kinetics [39,40].

Thermal stability of NCND–peptide hydrogels
The NCND–peptide hydrogels were assessed for their thermal

stability by means of differential scanning calorimetry (DSC)

and circular dichroism (CD) with a heating ramp from room

temperature up to complete disappearance of the CD signal (see

Supporting Information File 1).

DSC did not reveal major differences in the gel-to-sol transi-

tion temperature amongst samples. In all cases a first, a wide

and asymmetric endotherm was observed, whose minimum

relative to Tm was displayed at approximately 77–82 °C. A

second, narrow endotherm with a minimum just above 100 °C

could be ascribed to the evaporation of residual buffer solution.

It is worth noting that the DSC data of similar peptides and

amyloids often display multiple minima that are not always

discernible and result in wide, asymmetric endotherms; besides

the gel-to-sol transition, other minima in the range of 80–85 °C

can be ascribed to aggregates formed during heating [41,42]. It

is thus possible that the wide endotherm observed in this work

is the sum of all such different components. As a result, minor

differences in the thermal stability of the systems with or with-

out NCNDs may have been masked. Indeed, the small DSC

sample volumes include as little as 19 µg of NCNDs.

For this reason, we next performed CD with a heating ramp

until complete disappearance of the UV signal that monitors

specifically peptide conformation and the resulting supramolec-

ular chiral environment. The peptide hydrogel samples

displayed progressive reduction of the CD signal until 80 °C, in

agreement with DSC data. The samples containing NCNDs in

either buffer displayed an anticipated loss of the supramolecu-

lar chiral environment that was complete at 70 °C (see Support-

ing Information File 1). Such reduction in thermal stability is

compatible with the thinner fibers observed by TEM upon addi-

tion of NCNDs. A minor discrepancy between the absolute

values obtained with the two techniques could also be ascribed

to sample holder geometries that differ in their surface-to-

volume ratios (which is much higher in the CD cell), as well as

different heat transfer systems for the two instruments.

Conclusion
For the first time we reported herein two convenient protocols

for the rapid preparation of luminescent supramolecular hydro-

gels formed by a tripeptide in the presence of NCNDs at physi-

ological conditions. It was shown that relative amounts of

peptide and NCNDs needed optimization to allow self-assembly
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and gelation, which occurred with up to 15% w/w of NCNDs

relative to the peptide. Nevertheless, rheometric analyses

revealed that NCNDs increased the linear viscoelastic region of

the hydrogel, thus resulting in increased stability of the soft ma-

terial to applied stress. Importantly, the addition of NCNDs

offered the opportunity to fine-tune the gelation kinetics as well

as the stiffness of the final material, thus opening new windows

of use depending on the intended final application.

Interestingly, neither the beta-sheet peptide conformation nor

the individual fibril nanostructure in the hydrogel were signifi-

cantly changed by the presence of NCNDs. However, both cir-

cular dichroism and thioflavin T fluorescence revealed signs of

interaction between the two components at the supramolecular

level that were compatible with increased concentration of

thinner fibres, as opposed to thick bundles, with higher surface

area available for thioflavin T binding. As a result, the hydro-

gels containing NCNDs displayed a narrower fiber diameter

distribution with overall thinner structures that were better inter-

connected, which was in agreement with the rheological obser-

vations discussed above. Importantly, NCND addition not only

provided luminescence to the hydrogels, but also allowed

control over the well-known issue of heterogeneous thickness of

supramolecular peptide fibers, resulting in improved visco-

elastic properties of the final materials.

Experimental
All chemicals were purchased from Sigma-Aldrich. All sol-

vents were from Merck. High purity Milli-Q water (MQ water)

with a resistivity greater than 18 MΩ·cm was obtained from an

in-line Millipore RiOs/Origin system.

Synthesis and characterization
The tripeptide DLeu-Phe-Phe was synthesized according stan-

dard Fmoc solid phase peptide synthesis and purified by

RP-HPLC, as previously described [25]. The peptide identity

and purity was verified by ESI–MS, 1H NMR and 13C NMR.

The as-produced NCNDs were synthesized and purified

following a reported procedure [6].

Sample preparation
Tripeptide hydrogels were prepared in phosphate buffer as pre-

viously described [25] at the desired concentration as described

in Table 1. Briefly, the peptide was dissolved in a 0.1 M solu-

tion of sodium phosphate at pH 11.8 (alkaline buffer), and then

an equal volume of 0.1 M solution of sodium phosphate buffer

at pH 5.8 (acidic buffer) was added to reach a final pH of

7.3 ± 0.1, as verified with a pH meter. For the preparation of the

peptide hydrogels containing NCNDs, NCNDs were dispersed

either in the alkaline buffer (with the peptide) or in the acidic

buffer, at various concentrations as described in Table 1.

Rheometry
The dynamic time sweep rheological analysis was conducted on

a Malvern Kinexus Ultra Plus rheometer with a 20 mm stain-

less steel parallel plate geometry. The temperature was main-

tained at 25 °C using a Peltier temperature controller. The sam-

ples were prepared in situ and immediately analyzed with a gap

of 1.00 mm. Time sweeps were recorded for 1 h using a fre-

quency of 1.00 Hz and a controlled stress of 5.00 Pa. After 1 h,

the frequency sweeps were recorded using a controlled stress of

5.00 Pa and then stress sweeps were recorded using a frequen-

cy of 1 Hz.

Circular dichroism (CD) spectroscopy
A 0.1 mm quartz cell was used on a Jasco J815 spectropo-

larimeter, with 1 s integration time, 1 accumulation, and a step

size of 1 nm with a bandwidth of 1 nm over a wavelength range

of 200–250 nm. The samples were freshly prepared directly in

the CD cell and the spectra were immediately recorded. The

spectra were recorded at 25 °C or with a heating ramp up to

80 °C and 5 °C steps. The control samples with only NCNDs in

buffer solutions (without peptide) did not show any signal in the

region analyzed.

Fluorescence assay
Gel precursor solutions were prepared as described above and

100 μL of each buffer were immediately put on wells of Greiner

96 U Bottom Black Polystyrene. The controls were used in

200 μL total volume. After 1 h, the fluorescence emission spec-

tra were acquired using a Tecan Infinite M1000 pro, with a

bandwidth of 10 nm, selecting the following excitation (ex.) and

emission (em.) wavelengths: ex. 300 nm and em. 325–499 nm

(maximum at 349 nm); ex. 320 nm and em. 345–499 nm

(maximum at 369 nm); ex. 340 nm and em. 365–499 nm

(maximum at 383 nm); ex. 360 nm and em. 385–520 nm

(maximum at 418 nm). Each condition was repeated at least

twice in triplicate. The average and standard deviations were

calculated and plotted.

Thioflavin T fluorescence assay
Gel precursor solutions were prepared as described above and

100 μL of each buffer were immediately put on wells of Greiner

96 U Bottom Black Polystyrene. The controls were used in

200 μL total volume. After 1 h, 20 μL of a solution of thio-

flavin T (22.2 μM in 20 mM glycine/NaOH pH 7.5, filtered

with a 0.2 μm filter) were added in the wells. After 15 min, the

fluorescence emission was analyzed using a Tecan Infinite

M1000 pro, selecting an excitation wavelength of 446 nm and

an emission wavelength range from 470 to 560 nm, with a

bandwidth of 10 nm. Each condition was repeated at least twice

in triplicate. The average and standard deviations were calcu-

lated and plotted.
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TEM imaging
TEM micrographs were acquired on a Jeol, JEM 2100

instrumen (Japan) at 100 kV. TEM grids (copper-grid-sup-

ported lacey carbon film) were first exposed to a UV-ozone

cleaner (UV-Ozone Procleaner Plus) for 45 mins to make the

grid surface more hydrophilic. Then, the six-hour-aged gels

were precisely deposited on a TEM grid, dried for 15 min at

room temperature, and contrasted by an aqueous tungsten phos-

phate solution (pH 7.4). The average size or cross-section diam-

eter of the nanostructures was determined by taking into

account at least 100 individual nanostructures.

Supporting Information
The supporting information includes FTIR methods and

spectra, additional rheometry and CD data, DSC data, and

additional TEM images for the gradual pH change

experiments.

Supporting Information File 1
Additional experimental information.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-157-S1.pdf]
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Abstract
In the pursuit towards the use of sunlight as a sustainable source for energy generation and environmental remediation, photocata-

lytic water splitting and photocatalytic pollutant degradation have recently gained significant importance. Research in this field is

aimed at solving the global energy crisis and environmental issues in an ecologically-friendly way by using two of the most abun-

dant natural resources, namely sunlight and water. Over the past few years, carbon-based nanocomposites, particularly graphene

and graphitic carbon nitride, have attracted much attention as interesting materials in this field. Due to their unique chemical and

physical properties, carbon-based nanocomposites have made a substantial contribution towards the generation of clean, renewable

and viable forms of energy from light-based water splitting and pollutant removal. This review article provides a comprehensive

overview of the recent research progress in the field of energy generation and environmental remediation using two-dimensional

carbon-based nanocomposites. It begins with a brief introduction to the field, basic principles of photocatalytic water splitting for

energy generation and environmental remediation, followed by the properties of carbon-based nanocomposites. Then, the develop-

ment of various graphene-based nanocomposites for the above-mentioned applications is presented, wherein graphene plays differ-

ent roles, including electron acceptor/transporter, cocatalyst, photocatalyst and photosensitizer. Subsequently, the development of

different graphitic carbon nitride-based nanocomposites as photocatalysts for energy and environmental applications is discussed in

detail. This review concludes by highlighting the advantages and challenges involved in the use of two-dimensional carbon-based

nanocomposites for photocatalysis. Finally, the future perspectives of research in this field are also briefly mentioned.
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Review
Introduction
The problems of global energy shortage and environmental

pollution are continuously increasing and various research

groups are working to develop an alternative for the depleting

fossil fuel reserves to effectively address the energy crisis and

other environmental issues [1,2]. Moreover, the immense indus-

trialization and rapid population increase has generated more

demand for clean water sources all over the world. This demand

has been continuously increasing due to the inevitable dis-

charge of pollutants into the natural water cycle from various

pharmaceutical and food industries [3]. Hence, there is an

urgent need to develop green (ecologically-friendly), sustain-

able and technologically promising approaches to generate

clean energy as well as to completely degrade pollutants into

CO2 and H2O. Hydrogen seems to be a promising solution as a

sustainable, clean and renewable energy source to overcome

this energy crisis [4]. Hydrogen is mainly present in fossil

fuels, such as natural gas and coal, from which it can be pro-

duced through steam reforming, partial oxidation, coal gasifica-

tion and other processes [4]. However, these methods are

mainly restricted due to carbon dioxide emission into the

environment and high costs [4,5]. As hydrogen is an abundant

element and present in nature in the form of water, its produc-

tion from water using solar energy is therefore an area of

immense interest for researchers because of its potential to

fulfil the global energy demand and related environmental

issues [5].

For the first time, photoelectrochemical (PEC) hydrogen pro-

duction was achieved in 1972 by Fujishima and Honda on a

TiO2 anode and Pt cathode under ultraviolet (UV) light irradia-

tion [6]. After this, research interest in exploring semiconduc-

tors for hydrogen production has grown significantly and many

research groups have focussed their studies in this direction

[7-10]. Hence, in the recent decade, heterogeneous photocataly-

sis has been widely explored for the conversion of solar energy

into chemical energy and for pollutant removal from water

[11,12]. Up to now, various interesting semiconductors such as

TiO2, ZnO, WO3, CdS, Bi2O3, Fe2O3, SnO2, BiVO4, etc. have

been investigated for hydrogen evolution reactions and environ-

mental remediation applications [13-19].

In the last 25 years, the emergence of carbon-based nanomateri-

als has opened new ways of harvesting solar energy and genera-

tion of clean energy in the form of hydrogen [20,21]. Carbon is

one of the most abundant elements on the earth. In the past two

decades, carbon-based materials such as graphene, graphitic

carbon nitride (g-C3N4), fullerenes and carbon nanotubes

(CNTs) have been explored for various applications such as

Li-ion batteries [22], supercapacitors [23], energy storage [24],

biosensors [25], molecular imaging [26], fuel cells [27] and ca-

talysis [28]. The non-toxicity, abundance and the environmen-

tally benign nature of these carbon-based materials makes them

a remarkable class of materials with unique electrical and

optical properties for diverse applications.

In recent times, carbon-based materials and semiconductor

nanocomposites have attracted great attention and significant

progress has been achieved in the field of photocatalysis. In this

regard, much of the pioneering work on nanocarbon–semicon-

ductor interface engineering has been reported by D. Eder and

M. Prato for environmental remediation and energy generation

applications [29-32]. Semiconductor nanocomposite-based pho-

tocatalytic reactions are generally initiated by absorbing light

energy equal to or more than the band gap of semiconductor

photocatalyst [4]. This leads to the excitation of electrons from

the valence band (VB) of the semiconductor to their empty

conduction band (CB), resulting in the electron–hole pair gener-

ation [4]. This photoexcitation process leaves a hole in the VB

of the photocatalyst, which can oxidize water of OH− at its sur-

face to produce hydroxyl radical (OH*), which is a powerful

oxidizing agent and can degrade organic pollutants [12]. More-

over, the pollutants may also be directly oxidized by the holes

(h+) due to their oxidizing nature, but the detailed reaction

mechanism is still under debate. In addition, photoexcited elec-

trons in the CB of a semiconductor can reduce H+ ions in

aqueous solution to generate hydrogen, or it can produce a

superoxide radical anion (O2
−*) by reacting with the dissolved

oxygen, hydroperoxide radical (*OOH) upon reaction with H+

ions [4]. These reactive radical species also have potential to

accomplish complete mineralization of the pollutants into H2O

and CO2 [12]. But the main drawback of this process is the

instability of the photogenerated species, which can readily

recombine with other processes and lose the absorbed energy in

the form of heat leading to low photocatalytic efficiency [33].

Therefore, various strategies have been adopted by the scien-

tific community such as heteroatom doping [34], noble metal

doping [35], coupling with semiconductors [36] and nanocom-

posite formation with carbon-based materials, such as graphene

[37] and g-C3N4 [38], to enhance the photocatalytic efficiency.

Among the various types of nanocomposites, the materials

based on two-dimensional (2D) nanocomposites have attracted

particular interest because of their improved properties [39]. It

is noteworthy to mention here that various groups have re-

ported zero-dimensional (0D) and one-dimensional (1D) nano-

carbon–semiconductor hybrids with excellent photocatalytic

efficiency towards pollutant removal and energy generation

[29-32]. Hence, the carbon-based nanocomposites with differ-

ent morphologies have made substantial contribution as promis-



Beilstein J. Nanotechnol. 2017, 8, 1571–1600.

1573

ing materials for diverse applications in the field of materials

chemistry.

It has been well-reported in the literature that nanocomposite

formation of semiconductors with such 2D materials effec-

tively improves the photocatalytic processes. In addition, these

2D materials possess several extraordinary properties, which

makes them more advantageous over other materials as summa-

rized below [39]:

1. high specific surface area with a large number of active

sites on the surface to boost photocatalytic reactions as

compared to their bulk counterpart;

2. π-conjugated structures, which lead to fast electron

transfer and promote the separation of electron−hole

pairs on the photocatalyst surface; and

3. excellent support matrix for metals, metal oxide semi-

conductors and other nanomaterials, which can form effi-

cient heterojunction with intimate contact between them,

such as, point-to-face contact (0D-2D), line-to-face con-

tact (1D-2D) and face-to-face contact (2D-2D) as

presented in Figure 1. This is more beneficial for the

rapid charge transfer and better catalytic dispersion to

enhance the photocatalytic activity.

Figure 1: Schematic diagram of interfaces of (a) 0D-2D (b) 1D-2D,
and (c) 2D-2D materials.

The 2D carbon-based nanomaterials combine several of the

above-mentioned advantages of both 2D and carbon-based ma-

terials, and have shown great prospects as catalysts for various

applications. As this is currently an area of immense research,

we decided to write a review article on these materials, espe-

cially summarizing the recent developments. Since the scope of

2D carbon-based materials for various applications is very

broad as per recent reports on their advances by M. Strano and

N. Coleman [40,41], we have focussed our review on only two

of the 2D morphology of carbon materials, graphene and

g-C3N4, and their nanocomposites for photocatalytic energy

generation and environmental remediation applications. In this

review, we firstly discuss the synthetic procedures and salient

properties of these two 2D carbon materials, followed by a

detailed discussion on what makes them suitable for photocatal-

ysis applications and the different roles played by them during

the photocatalysis process. Subsequently, we discuss the use of

graphene and g-C3N4 based nanocomposites for photocatalytic

energy generation and environmental remediation applications,

along with several recent citations. We then conclude by high-

lighting the advantages and challenges involved in the use of

2D carbon-based nanocomposites for photocatalysis. Lastly, the

future perspectives of research in this field (way ahead) are also

briefly discussed.

Carbon-based 2D materials
Graphene
Since the discovery of graphene in 2004, it has attracted great

attention because of its fascinating electrical, thermal, optical

and mechanical properties. Basically, graphene consists of a

single layer of sp2 hybridized carbon atoms densely packed into

an atomically thin layer to form a 2D hexagonal honeycomb-

like structure [42]. The π-conjugated structure in graphene

provides ultrafast electron transfer (200,000 cm2·V−1·s−1), very

high specific surface area (2600 m2·g−1), and high thermal

conductivity (5000 W·w−1·K−1) [43]. In addition to this,

graphene possesses high transparency, high elastic modulus

(≈1 TPa), high mechanical strength (≈1060 GPa), and optical

transmittance (≈97.7%) [44]. These superior properties of

graphene make it a potential candidate for technological appli-

cation such as such as optical electronics [45], photosensors

[46] and photocatalysis [47]. As graphene is a zero band gap

material and susceptible to oxidative reactions, it is often

combined with other semiconductors and metallic nanostruc-

tures to form composite materials suitable for various applica-

tions, including photocatalysis. Furthermore, due to the excep-

tional electrical, thermal, optical and mechanical properties,

graphene helps to enhance the photocatalytic performance by

acting as excellent electron acceptor and transporter in nano-

composites. Moreover, enhanced pollutant adsorption on the

surface of graphene is an additional advantage, which acceler-

ates the photocatalytic degradation of adsorbed pollutants [48].

Several chemical and physical methods have been developed

for the synthesis of graphene and graphene-based nanocompos-

ites. One of the well-known methods for graphene oxide synthe-

sis is Hummers’ method, which includes chemical oxidation of

graphite flakes to form graphene oxide (GO) [49]. GO contains

carboxyl, epoxides and hydroxyl groups covalently attached to

the graphene sheet. This leads to the loss of electrical conduc-
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Figure 2: Schematic illustration of the preparation of reduced graphene oxide (RGO) from graphite. Reprinted with permission from [56], copyright
2011 Wiley-VCH.

tivity and limits the application of GO in many areas. However,

the presence of polar functional groups in GO makes it hydro-

philic in nature and it is responsible for the easy dispersal in

many solvents such as water, which is helpful for the formation

of various composites [50]. The reduction of GO in various

reducing conditions forms reduced graphene oxide (RGO) in

which electrical conductivity is partly revived. This RGO is also

known as chemical-modified graphene [51]. The schematic

illustration of RGO preparation from graphite is shown in

Figure 2. The composite formation of graphene with semicon-

ductor materials has been reported by various methods, such as

hydrothermal/solvothermal [52], sol−gel [53], self-assembly

[54], precipitation [55], and photo-reduction [13]. The hydro-

thermal/solvothermal method for the synthesis of graphene-

based nanocomposites involves the treatment of its precursor in

a confined volume, teflon-lined autoclave at elevated tempera-

ture, wherein high pressure is generated. This method is very

important for the synthesis of inorganic nanocrystals and gives

rise to highly crystalline nanostructures and also reduces GO to

RGO. As the name suggests, water is the main solvent in hydro-

thermal synthesis method and major advantage of water as the

solvent is its abundance in nature as well as its non-toxic, non-

carcinogenic and non-flammable nature. However, other sol-

vents like ethanol can also be used as the main solvent in solvo-

thermal method. Hence this method involves a very simple and

ecologically-friendly process for the synthesis of nanostruc-

tures. By controlling some other parameters, such as concentra-

tion, temperature, reaction time, etc., nanocomposites with

various exposed crystal facets can be obtained by hydrothermal/

solvothermal methods.

The sol–gel method is another widely explored method for the

synthesis of graphene-based nanocomposites [53]. The precur-

sor material undergoes a series of reactions, mainly controlled

hydrolysis and condensation, to form the desired photocatalyst.

The major advantage of using the sol–gel method is the in situ

growth of nanostructures so that the various functional groups

on the surface of GO sheets are available to provide reactive

and anchoring sites for the growth of nanoparticles and hence

the resultant photocatalytic materials are chemically bonded

with each other [53]. This method has been successfully used in

the in situ preparation of various graphene–semiconductor

nanocomposites, such as TiO2 on GO sheets [57].

Self-assembly is a very important method, wherein micro- and

nanostructures assemble spontaneously by supramolecular
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Figure 3: (a) Triazine, (b) tri-s-triazine (heptazine) structures of g-C3N4, (c) thermal polymerization of different precursors for g-C3N4 synthesis.
Reprinted (adapted) with permission from [68], copyright 2016 American Chemical Society.

interactions to form larger functional units [58]. This self-

assembly of nanoparticles is very useful for various applica-

tions. In the surfactant-assisted ternary self-assembly of metal

oxides with functionalized graphene sheets, an anionic surfac-

tant gets adsorbed on the surface of graphene sheets and helps

in the dispersion of graphene sheets. Then, the surfactant

micelles with graphene sheets bind with metal cations and

hence act as building block for self-assembly of metal oxides.

Finally metal oxides become crystallized between alternating

layers of graphene to form fine layered nanostructures. Self-

assembly is also a widely used method for constructing a new

class of layered nanostructures with stable, ordered and crys-

talline structure [58]. In layer-by-layer self-assembly of functio-

nalized graphene nanoplatelets, the electrostatic interactions be-

tween graphene nanoplatelets are responsible for self-assembly

of graphene sheets. In addition to the above-mentioned

methods, there are also other efficient methods for synthesis of

graphene–metal oxide hybrid nanocomposites, such as solution

mixing [59], UV-assisted reduction [13], microwave irradiation

[60] and so on.

Graphitic carbon nitride
The covalent carbon nitride (C3N4) was discovered by

Berzelius with heptazine units as basic structural units [61]. It is

reported that C3N4 possesses seven different phases, viz.,

α-C3N4, β-C3N4, cubic-C3N4, pseudocubic-C3N4, g-h-triazine,

g-h-heptazine and g-o-triazine, which exhibit the band gaps of

5.49, 4.85, 4.30, 4.13, 2.97, 2.88 and 0.93 eV, respectively [62].

Among these seven phases, the β-C3N4 crystalline phase pos-

sess similar hardness as compared to that of diamond, and the

pseudocubic-C3N4 and g-h-triazine-C3N4 possess direct band

gap structure, while other five phases have indirect band gaps in

their bulk structures [62]. It is noteworthy to mention here that

the polymeric graphitic carbon nitride (g-C3N4) has been re-

ported as the most stable, highly ordered polymeric structure

with pendant amino groups and tri-s-triazine (C6N7) as the

building structural units (Figure 3a,b) [63]. g-C3N4 was first re-

ported by Wang et al. in 2009 as an interesting, metal free,

n-type semiconductor, polymeric photocatalytic material for the

water splitting reaction to evolve H2 and O2 [64]. The unique

optical, electrical and physiochemical properties of g-C3N4
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makes it a multifunctional photocatalytic material [64]. There-

fore, g-C3N4 has attracted immense attention mainly for photo-

catalytic hydrogen generation reactions and pollutant removal

by harvesting visible light due to its suitable band gap energy

(≈2.7 eV) [65,66]. Hence this material possesses high photocat-

alytic efficiency under visible light, which constitutes about

43% of the solar energy spectrum as compared to ultraviolet

light (5%). Moreover, the CB and VB of g-C3N4 are suitably

positioned with appropriate potential (CB = −1.13 eV,

VB = 1.57 eV), which favours various photocatalytic reactions

but mainly hydrogen evolution reactions [67].

The lattice structure of g-C3N4 is composed of C–N with short

interlayer distances and amino functional groups with larger

periodic vacancies [67]. In addition to this, g-C3N4 possesses

excellent chemical and thermal stability, unique surface proper-

ties with unsaturated N-atoms for anchoring active sites [69].

Furthermore, the stacked 2D layered structure of g-C3N4

consists of single-layer nitrogen heteroatom-substituted graph-

ite nanosheets, formed through sp2 hybridization of C and N

atoms, and various layers are bound together by van der Waals

forces [69]. Thus it is clear that the lattice structure of g-C3N4

consists only of two abundant elements, C and N (C/N molar

ratio = 0.75), which are earth abundant and nontoxic in nature

[61]. More surface active sites, nontoxicity, natural abundance

and good thermal stability of g-C3N4 makes it a multifunc-

tional, sustainable photocatalytic material. The main drawback

from which pure g-C3N4 suffers is poor light absorption and

fast recombination of photogenerated electron–hole pairs,

which leads to low photocatalytic efficiency and limits its appli-

cations [61]. To date, various attempts have been made to

improve the light absorption of g-C3N4 and retard the recombi-

nation of photogenerated charge carriers to improve the photo-

catalytic efficiency. These strategies involve doping with metal

atoms [70], non-metal doping [71], coupling with other carbon-

based materials [72], and heterojunction formation by coupling

with semiconductor materials such as TiO2 [73], ZnO [74], CdS

[75], SnO2 [76], CeO2 [77], WO3 [78], Fe2O3 [79], Ag3PO4

[80], Ag3VO4 [81], ZnWO4 [82], SrTiO3 [83], BiVO4 [84],

Bi2WO6 [85], BiOX [86,87], etc. These heterojunction forma-

tions have proved to be an effective method to improve the sep-

aration rate of photogenerated charge carriers to enhance the

quantum yield. Notably, such heterojunction formation with

semiconductors also enhances the light absorption efficiency of

photocatalysts from UV to visible region of the solar energy

spectrum.

Furthermore, it is noteworthy to mention here that the surface

physicochemical properties of g-C3N4 can be tuned by intro-

ducing impurities into the crystal lattice of polymeric g-C3N4.

Mainly the hydrogen impurities can produce the basic primary

and secondary amines on its layer edges [68]. The presence of

such basic groups (=NH, −NH2) on the surface of g-C3N4 can

remove toxic acidic molecules through electrostatic interactions

[68]. The surface hydrophobicity of g-C3N4 can be changed by

chemical oxidation by introducing various hydroxyl and car-

bonyl groups, which eventually lead to good dispersion during

catalytic process. The layered g-C3N4 exhibit excellent chemi-

cal stability and is insoluble in various kinds of acid, base and

organic solvents like toluene and THF [68]. The good chemical

and thermal stability of carbon nitride permits its use in PEC

cells even under oxygen atmosphere [63]. Furthermore, the

chemical inertness and insolubility of g-C3N4 in most of the

known solvents is one main hurdle for easy synthesis of its

g-C3N4 based nanocomposites. Recently, layered g-C3N4 based

nanocomposites have attracted much attention because of

reports on some simple synthesis methods [68]. The g-C3N4

and its nanocomposites with semiconductors and carbon-based

materials can be easily designed and synthesized by thermal

condensation of several low cost, solid precursor materials such

as urea, thiourea, dicyandiamide, cyanamide and guanidine

hydrochloride at high temperature (500–600 °C) in air or inert

atmosphere (Figure 3c) [88-90]. It is noteworthy to mention

here that by using different precursor materials, some of the

properties, such as microstructure, adsorption affinity and

isoelectric point of g-C3N4 can be tuned [91]. It is known that

catalysis is a surface phenomenon, which is affected by the sur-

face structure and morphology of catalytic material. Therefore

the fabrication of g-C3N4 with different microstructures is ex-

pected to show different surface properties and ability to en-

hance the photocatalytic performance. As per one of the reports

by Zhu et al., g-C3N4 synthesized by using melamine, thiourea,

or urea as precursor, exhibited different microstructure and

isoelectric points [91]. The g-C3N4 prepared by the thermal

condensation method generally exhibit low surface area, which

can limit its practical applications, as high specific surface area

of catalyst is highly desirable for enhanced photocatalytic activ-

ity [92]. Therefore, the preparation of exfoliated thin g-C3N4

nanosheets is becoming one of interesting areas for further

exploration of the potential of g-C3N4 in various photocatalytic

applications [65]. In addition to the thermal condensation

method, there are also some other strategies reported for the

preparation of g-C3N4 based nanocomposites, which includes

molecular self-assembly [93], microwave assisted heating [38],

molten salt synthesis [94] and ionic liquid strategy [95].

2D carbon-based nanocomposites as
photocatalysts
2D graphene-based photocatalysts for energy
generation
Photocatalytic H2 production through solar water splitting has

been widely explored as it has several advantages like easy and



Beilstein J. Nanotechnol. 2017, 8, 1571–1600.

1577

Figure 4: The principle of (a) photoelectrochemical water splitting and (b) photocatalytic water splitting for H2 generation. Reprinted with permission
from [102], copyright 2013 Wiley-VCH.

abundant availability of raw materials, tunable electronic struc-

ture and the fact that combustion of hydrogen in air produces

water; hence, this method is ecologically-friendly [96]. More-

over the H2 production has attracted great attention as a renew-

able, sustainable energy source due to growing environmental

issues [96,97]. Therefore photocatalytic water splitting has been

extensively studied using various semiconductor-based materi-

als and many new semiconductor-based photocatalysts have

been successfully developed and investigated recently

[4,98,99]. In 1972, Fujishima and Honda achieved photoelectro-

catalytic water splitting using a TiO2 electrode [6]. TiO2 was

irradiated with UV light and electrons and holes are generated

in the CB and VB, respectively. The TiO2 electrode acts as an

anode and is connected to a Pt cathode. The photogenerated

electrons reduce H+ ions to generate H2 on the Pt electrode

while holes oxidize water to form O2 on TiO2 electrode, as

illustrated in the Figure 4a. After this discovery, semiconductor-

based materials with suitable band gaps have attracted much

attention in this field. In order to efficiently utilize the solar

energy, many photoelectrochemical cells have been developed

for hydrogen production [100,101]. Basically, in the process of

photocatalytic water splitting, photons with energy greater than

the band gap energy of the chosen semiconductor material

result in the formation of photogenerated electrons and holes in

the conduction band (CB) and the valence band (VB), respec-

tively. These photogenerated electron–hole pairs are responsi-

ble for the reduction and oxidation reactions, i.e., reduction of

H+ → H2 in CB and oxidation of H2O → O2 in the VB, as illus-

trated in Figure 4b [4,102].

The most important point in achieving water splitting is the po-

sition of the VB and CB in semiconductor materials. The

bottom level of the CB must be more negative than the redox

potential of H+ → H2 (0 V vs NHE, where NHE refers to the

normal hydrogen electrode), while the top level of the VB must

be more positive than the oxidation potential of H2O → O2

(1.23 V vs NHE) [4]. Therefore 1.23 eV is the minimum band

gap for water splitting and this band gap corresponds to light at

1008 nm (near-infrared region). According to standard litera-

ture [4], the wavelength and eV are related to each other as,

band gap (eV) = 1240 / λ (nm). Hence a suitable band gap value

plays a crucial role in order to make the catalytic material active

in the visible region of light to generate H2 and O2 by water

splitting. The band gap of some semiconductor materials with

band positions are summarized in Figure 5 [103].

As it is well known, the band gap and wavelength are directly

related to each other, and suitable band gap engineering is re-

quired to make photocatalysts active in the visible light region

of the spectrum. The overall water splitting reaction on the sur-

face of a semiconductor material occurs in three main steps,

(1) absorption of light, (2) charge separation, (3) redox reac-

tions on the catalyst surface.

The first step involves the absorption of light by the photocata-

lyst and generation of electron–hole pairs in the CB and VB.

The second step involves the charge separation and migration of

charge carriers to the surface. Higher crystallinity and smaller

size of particles play a significant role in enhancing the photo-

catalytic activity by decreasing the recombination probability of

photogenerated charge carriers [4]. It is well known that higher

crystallinity leads to enhanced photocatalytic activity. Finally,

the third step involves the reduction and oxidation of adsorbed

species at the different reaction sites, wherein hydrogen produc-

tion takes place by the reduction of H+ ions in the CB. Hydro-

gen evolution by water splitting is promoted by the presence of

cocatalysts, such as Pt, Rh, NiO, and RuO2. These cocatalysts

are mainly helpful to introduce the active sites on the photocata-
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Figure 5: Band gaps and band positions of a) n-type semiconductors and b) p-type semiconductors used for nanocomposite photocatalyst hetero-
junctions. Reprinted (adapted) with permission from [103], copyright 2013 Wiley-VCH.

lyst surface, to facilitate the electron transfer from the CB of

excited semiconductor, and hence, to enhance the process of H2

generation [11]. However, the sacrificial agents (methanol,

ethanol, sodium sulphide, sodium sulphite, etc.) are always em-

ployed in photocatalytic water splitting reactions to scavenge

holes and hence suppress photogenerated charge recombination

effectively. When graphene-based nanocomposites are used as

photocatalysts for energy generation through the water splitting

reaction, the graphene in the nanocomposite plays different

roles, such as photocatalyst, cocatalyst, electron acceptor/trans-

porter and photosensitizer. These roles are described in detail in

the following sections.

Graphene as a photocatalyst
A photocatalyst is a substance which produces the catalytic ac-

tivity using energy from light without undergoing any change in

itself [104]. The photocatalytic activity depends on the genera-

tion of electron–hole pairs in the catalyst under the influence of

light energy [105]. These photogenerated charge carriers then

generate free radicals such as hydroxyl, superoxide, hydroper-

oxide, which migrate to the surface of the catalyst and undergo

secondary reactions [106]. Due to the superior properties of 2D

layered materials, particularly high specific surface area, ultra-

fast electron transfer and better dispersion, such materials have

been investigated in detail by various research groups. Hence, a

new class of photocatalysts with significantly suppressed charge

recombination and fast interfacial charge transfer have been de-

veloped using these materials with extraordinary H2 evolution

capability.

Yeh et al. [107] demonstrated graphite oxide as a photocatalyst

for hydrogen generation from water without using any noble

metal as a cocatalyst. They used moderately oxidized GO with a

band gap in the range 2.4–4.3 eV, which can absorb visible

light. The oxidation of graphite introduces many oxygen-con-

taining functional groups such as carboxyl, epoxide and

hydroxyl groups on its surface, which make GO hydrophilic.

Thus GO is easily dispersible in water and hence it has more

exposed area in aqueous solutions and effectively catalyses the

water splitting reaction. In addition, the band gap of GO can be

tuned with its degree of reduction. The variation of the band gap

of GO with increasing degree of reduction has been illustrated

in Figure 6. Its electrical conductivity decreases with increasing

oxidation level, meaning fully oxidized GO acts as an insulator

and partially oxidized GO acts as a semiconductor [108]. The

conduction band edge of GO is mainly formed by the anti-bond-

ing π* orbital which has a higher energy level of −0.52 eV.

Thus, due to the more negative anti-bonding π* orbital, which is

needed for hydrogen generation, GO can act as a photocatalyst.

Also, the VB edge of GO is mainly composed of O 2p orbitals

and may not be positive enough to oxidize water but it varies

with the reduction degree. It has been observed that the band

gap of GO decreases with the reduction. It is well-reported in

the literature that for GO with 12.5% of the oxygen atoms, the

top energy level of the VB is not high enough to oxidize water

for O2 evolution; but at the same time, for GO having 25% cov-

erage of oxygen atoms, the energy level of the CB is high

enough for O2 evolution from water [109,110]. Hence, by

tuning the electronic properties of GO, it can act as a promising
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Figure 6: Energy level diagrams of GO with different degrees of reduc-
tion in comparison with the potentials for water reduction and oxida-
tion.

material for H2 generation from water without any cocatalyst.

The possible mechanism of water splitting with GO as a photo-

catalyst, using methanol as hole scavenger, can be summarized

as [107],

Eda et al. have investigated the insulator → semiconductor →

semimetal transition in RGO with degree of reduction [111].

They found that the energy gap even approaches zero with the

extensive degree of reduction. Therefore, this possibility of

band gap engineering of RGO is always an area of interest for

its implementation in various applications. Yeh et al. [112] also

demonstrated the photocatalytic activity of GO in hydrogen and

oxygen evolution from water with different oxidation levels.

They showed that the band gap energy of GO increases with the

increasing oxidation level of GO, which limits the light absorp-

tion. This, instead of the fact that GO has a narrow band gap

energy, is the main contributor to the poor photocatalytic activi-

ty. It was also observed that during the photocatalytic reaction,

the H2 evolution rate was constant. This is mainly because the

GO band gap decreases during the reaction, leading to the

upward shift of the VB. Teng et al. [113] have shown the func-

tional engineering of GO for tuning its band gap by its treat-

ment with ammonia and have explored its photocatalytic activi-

ty in water splitting reactions under visible light irradiation.

Ammonia-modified GO (NGO) shows n-type conductivity due

to the introduction of nitrogen functionality. The band gap of

NGO is narrowed due to the removal of various epoxy and

carboxyl groups and it further acts as a promising photocatalyst

towards the H2 and O2 generation from water splitting.

Graphene as a cocatalyst
A cocatalyst is a substance which assists the catalyst in a chemi-

cal reaction and hence enhances the activity of the catalyst

[114]. Cocatalysts are generally loaded on the surface of semi-

conductors as a dispersion of nanoparticles and accelerate the

photocatalytic rate by introducing more reaction sites and

promoting charge separation in semiconductors [115]. In water

splitting reactions, generally noble metals (e.g., Pt, Rh) and

some metal oxides (e.g., NiO) act as the cocatalyst and these are

loaded on the surface of photocatalysts to produce more reac-

tive sites and to reduce the activation energy for H2 and O2 gas

evolution. Cocatalysts also enhances the charge separation in

photocatalytic materials because of their high work function.

This high work function of noble metals and some metal oxides

accelerates the transfer of electrons from the CB of excited

semiconductors to the cocatalyst and results in the formation of

a Schottky barrier, which efficiently decreases the recombina-

tion of charge carriers [102]. Hence cocatalysts play a crucial

role in the enhancement of photocatalytic activity by providing

abundant reaction sites for H2 evolution, increasing interfacial

charge transfer and reducing the recombination probability of

photogenerated electron–hole pairs [116]. However, the high

cost of noble metals limits their use as cocatalysts on a large

scale. Graphene has been demonstrated to be one of the best al-

ternatives for noble metals. Graphene acts as a promising cocat-

alyst in H2 evolution reactions due to its high work function

(4.42 eV) [117], and the reduction potential of graphene/

graphene− is reported to be −0.08 eV, which is more negative

than reduction potential of H+ → H2 [52]. It is noteworthy to

mention here that the work function of any material is an impor-

tant parameter for many technical applications, mainly device

fabrication as it decides contact properties with foreign material

and charge transfer direction in nanocomposites. The work

function of carbon-based materials, graphene, GO, carbon nano-

tubes (CNT) and g-C3N4 has been presented in Table 1.

Table 1: Work function of carbon-based materials.

Sl. no. Material Work function
(eV)

Ref.

1 graphene oxide 3.7–5.1 [118]
2 reduced graphene oxide 4.5 [119]
3 graphene 4.8–5.1 [120]
4 graphitic carbon nitride 4.4–4.7 [121]
5 carbon nanotubes 4.7–4.9 [122]

The role of graphene as a cocatalyst has been investigated by

various research groups. Peng et al. [123] reported graphene

oxide (GO)–CdS nanocomposites for photocatalytic hydrogen

evolution by using Na2S and Na2SO3 as sacrificial agents,

where GO acts as a supporting matrix for the CdS nanoparti-
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Figure 7: (a) Comparative H2 production rate over various GO–CdS nanocomposites under visible light irradiation. (b) The mechanism of H2 produc-
tion over the GO–CdS nanocomposite. Reprinted (adapted) with permission from [123], copyright 2012 American Chemical Society.

cles, which are about 10 nm in size. Due to the narrow band gap

CdS is active in the visible region. They observed the highest

H2 production rate of 314 µmol h−1 for the composition having

5 wt % of GO, as can be seen in Figure 7a. Herein, GO func-

tions as an excellent electron acceptor and transporter from the

CB of excited CdS to reaction sites. Thus graphene reduces the

recombination rate of photogenerated charge carriers and im-

proves the interfacial charge transfer process, which is ulti-

mately responsible for the enhanced activity of the photocata-

lyst. The general mechanism for this reaction has been illus-

trated in Figure 7b. A similar binary nanocomposite has been

reported by Xiang et al., which consists of graphene-modified

TiO2 nanosheets [124]. This composite shows excellent H2 pro-

duction rate of 736 µmol h−1 with 1 wt % of graphene content.

Here graphene also plays a key role as the cocatalyst to en-

hance the H2 production.

Furthermore, Lv et al. [125] demonstrated the cocatalytic func-

tion of metal-doped graphene (Cu-doped graphene–TiO2 com-

posites). They found the H2 generation efficiency of

Cu-graphene cocatalyst is about five times higher than pure

graphene cocatalyst. Similarly some other groups have also in-

vestigated the cocatalytic role of graphene, for example Ye et

al. [116] have reported CdS–MoS2–graphene nanocomposites,

which is active in visible light for hydrogen generation. They

reported the hydrogen evolution rate of 1.8 mmol h−1 in lactic

acid solution at 420 nm, which is much higher than that of the

Pt–CdS system in the same solution. This high H2 evolution

rate was mainly achieved because of the excellent cocatalytic

function of MoS2–graphene, which leads to the higher number

of reaction sites and fast charge transfer. Moreover, in nanome-

ter-sized MoS2, exposed S atoms have strong affinity to H+ ions

in solution, which are reduced to H2 by transferred electrons

from the CB of CdS. Similarly, a noble-metal-free, ternary

nanocomposite of TiO2–MoS2–graphene has been reported by

Yu et al. for H2 generation [126]. This composite prepared by a

two-step hydrothermal process lead to uniform dispersion of

TiO2 nanopartilces over layered MoS2–graphene (MG), as

shown in Figure 8. Herein, the MG hybrid plays a crucial role

for charge separation in UV-excited TiO2 nanoparticles and the

observed hydrogen production rate was 165 µmol h−1 for the

composition having 0.5 wt % of MG hybrid. Figure 9 presents

the proposed mechanism for the enhanced electron transfer in

the TiO2–MG system under UV irradiation showing the photo-

excited electron transfer from the CB of TiO2 to the MoS2

nanosheets, followed by transfer to graphene sheets, wherein H2

is produced from H+ ions.

Graphene as a photosensitizer
Apart from the photocatalytic and cocatalytic role of graphene,

it is worth to discuss the photosensitizer role played by

graphene in many nanocomposite materials. A photosensitizer

is a light-absorbing substance which mediates reactions either in

living cells or in chemical systems [127]. So far graphene–semi-

conductor-based composites have been widely explored for H2

generation in which mainly graphene acts as the electron

acceptor and transporter, and hence, enhances the life span of

photogenerated charge carriers, which leads to improved H2

evolution. Besides this, graphene can act as an excellent photo-

sensitizer for semiconductors in nanocomposites [128]. The role

of graphene as a photosensitizer has been proved theoretically

as well as experimentally [128,129].

The photosensitizer role of graphene has been demonstrated by

Du et al. [129] on graphene–titania hybrid nanocomposites and

explained as the interfacial charge transfer by using density
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Figure 8: (a,b) TEM images of TiO2–MoS2–graphene composites and (c,d) high-resolution TEM images of TiO2–MoS2–graphene composites.
Reprinted with permission from [126], copyright 2012 American Chemical Society.

Figure 9: Proposed mechanism for the photocatalytic H2 generation
over TiO2–MoS2–graphene composite. Reprinted with permission from
[126], copyright 2012 American Chemical Society.

functional calculations. They demonstrated the formation of a

charge transfer complex at the interface of graphene and titania

due to the work function difference of both materials and upon

visible light irradiation, the electrons in the upper VB of

graphene can be excited to the CB of titania. As TiO2 is inac-

tive under visible light irradiation, the photoactivity was mainly

attributed to the photosensitizer, graphene, which absorbs light

to generate the charge carriers, which are then utilized to reduce

the adsorbed species on the surface of photocatalyst. Zhang et

al. [130] also explored the photosensitizer role of graphene by

reporting the nanometer-sized assembly of ZnS on graphene

sheets and the interfacial contact between them. They formu-

lated a new photocatalytic mechanism for this visible-light-

based activity of this nanocomposite. As ZnS is not active under

visible light, the light must be absorbed by graphene to produce

photogenerated electrons, which gets transferred to the CB of

ZnS, thereby making the wide band gap semiconductor visible

light active. Peng et al. fabricated TiO2–graphene binary nano-

composites by a simple hydrothermal method and demon-

strated the high visible-light-based H2 evolution from water

[131]. Herein, they claimed graphene as the photosensitizer and

efficient interfacial charge transfer was observed upon visible

light irradiation. Hence, on the basis of all the above-mentioned

reports, it can be concluded that besides acting as an electron

reservoir to capture and shuttle the electrons, graphene also act

as a photosensitizer and transform the UV-active semiconduc-

tors into visible light responsive materials. This photosensitiza-

tion by graphene has opened many new paths in fabricating
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Table 2: Photocatalytic energy generation using graphene-based nanocomposites. GR – graphene; RGO – reduced graphene oxide; LED – light
emitting diode; SS – solar simulator; TEOA – triethanolamine.

Sl no. Photocatalyst Synthesis route Light source Sacrificial reagents H2 production Ref. (year)

1 RGO–TiO2 sol–gel 500 W Xe lamp Na2S and Na2SO3 8.6 µmol h−1 [57] (2013)
2 GR–TiO2 sol–gel 500 W Xe lamp Na2S and Na2SO3 17.2 µmol [53] (2010)
3 RGO–TiO2 hydrothermal UV Na2S and Na2SO3 20 µmol h−1 [132] (2011)
4 RGO–TiO2 (P25) hydrothermal 200 W Xe arc lamp – 74 µmol h−1 [13] (2011)
5 GR–CdS solvothermal 350 W Xe lamp lactic acid 1.12 mmol h−1 [133] (2011)
6 RGO–Cu2O in situ growth 150 W Xe lamp methanol 264.5 µmol h−1 g−1 [134] (2012)
7 GR–Cu–TiO2 hydrothermal and

photodeposition
300 W Hg lamp – 10.2 mmol [125] (2012)

8 GO–CdS precipitation process 300 W Xe lamp Na2S and Na2SO3 314 µmol h−1 [123] (2012)
9 RGO–ZnxCd1−xS coprecipitation -

hydrothermal
reduction

SS (AM 1.5 G) Na2S and Na2SO3 1824 µmol h−1 g−1 [52] (2012)

10 RGO–MoS2 hydrothermal 300 W Xe lamp TEOA 83.8 µmol h−1 [135] (2012)
11 RGO–CdS–ZnO solid state 500 W tungsten

halogen lamp
Na2S and Na2SO3 751 µmol h−1 0.2 g−1 [136] (2012)

12 GR–TiO2–MoS2 hydrothermal UV ethanol 165.3 µmol h−1 [126] (2012)
13 RGO–N–TiO2 hydrothermal UV–visible methanol 716 µmol h−1 g−1

112 µmol h−1 g−1
[137] (2013)

14 GR–MoS2–CdS hydrothermal 300 W Xe lamp lactic acid 2.32 mmol h−1 [138] (2014)
15 GR–MoS2–CdS hydrothermal 300 W Xe lamp Na2S and Na2SO3 1.8 mmol h−1 [116] (2014)
16 GR–Au–TiO2 microwave-assisted

hydrothermal
LED lamp (420 nm) – 296 µmol h−1 g−1 [139] (2014)

17 GR–MoS2–ZnS hydrothermal 300 W Xe lamp Na2S and Na2SO3 2258 µmol h−1 g−1 [140] (2014)
18 GR–Au–TiO2 hydrothermal and

Photodeposition
450 W Hg lamp methanol 1.34 mmol [141] (2014)

19 GO-reduced TiO2 laser ablation in
liquid

SS (AM 1.5G) – 16 mmol h−1 g−1 [142] (2016)

20 GR–CdS solvothermal 300 W Xe lamp – 175 µmol h−1 [143] (2016)
21 RGO–Pt–TiO2 step-wise SS (AM 1.5G) TEOA 1075.68 µmol h−1 g−1 [144] (2017)

novel graphene–semiconductor-based nanocomposites for

various photocatalytic applications. In addition to the reports

cited above, several graphene-based nanocomposites have been

successfully developed and utilized for photocatalytic energy

generation applications. Some of the noteworthy recent ones

have been summarized in Table 2.

2D g-C3N4-based photocatalysts for energy
generation
The development of g-C3N4-based photocatalysts for water

splitting reactions requires several important factors to be taken

into account. First of all, the enhanced light absorption capa-

bility and effective heterojunction is used to separate

electron–hole pairs during photocatalytic process. Next, the CB

and VB potentials of the semiconductor should be appropri-

ately positioned to favour H2 evolution and O2 evolution by

water splitting reaction, by charge transfer as per favoured

potential. Since it is not possible for a bare g-C3N4 to fulfil all

these requirements, nanocomposite formation with metal oxide

semiconductors, metals and other carbon-based materials is

always a preferable route for designing photocatalytic materials

with desired properties. The nanocomposite heterojunctions can

drastically enhance the photocatalytic efficiency by enhanced

light absorption in combination with narrow band gap semicon-

ductors, cocatalytic effect, which results in and the formation of

a p–n heterojunction or Schottky junction, which can effec-

tively suppress the photogenerated charge carrier recombina-

tion and facilitate their transfer.

As mentioned earlier, g-C3N4 was first investigated as a photo-

catalyst by Wang et al. [64] in 2009 for visible-light-based

water splitting reactions to generate clean, renewable energy in

the form of H2. They found and explained the appropriate band

gap structure of g-C3N4 to absorb visible light and evolve H2

and O2 by reduction and oxidation reactions during the photo-

catalytic process. After this report, several research groups per-

formed dedicated studies on g-C3N4 and its nanocomposites to

generate H2 by photocatalytic process. Recently, the coupling of

g-C3N4 with various metal oxides/sulfides, composite oxides,

BiOX halides (X = Cl, Br, I), AgX, noble metals and graphene

has attracted great attention for the formation of heterojunc-

tions with excellent light absorption and charge transfer
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kinetics, which is discussed in the following sections of this

article.

g-C3N4-oxide/sulfide nanocomposites
Jing et al. [145] reported the cocatalyst-free boron-doped

g-C3N4–TiO2 (BCN-T) nanocomposite for H2 generation from

CH3OH under visible light irradiation. The boron doping in

g-C3N4 nanosheets introduces the impurity near to the VB top

level, which traps holes and hence the photoinduced electrons

were transferred from the CB of g-C3N4 to the CB of TiO2 as

per their band potentials (Figure 10), which further leads to the

photocatalytic reaction for fuel production. Hence the syner-

getic effect of boron doping and heterojunction formation with

TiO2 results in the greatly enhanced, photogenerated charge

transfer results with a 29-fold higher H2 production as com-

pared to the bare g-C3N4. Thus this study demonstrates the fab-

rication of low cost, highly efficient g-C3N4 nanosheet-based

nanocomposites with improved light absorption and charge

transfer to generate clean energy.

Figure 10: Proposed mechanism of BCN-T system under visible irradi-
ation for H2 generation, pollutant removal and carbon dioxide reduc-
tion. Reprinted with permission from [145], copyright 2015 American
Chemical Society.

Shi et al. reported the visible-light responsive g-C3N4-InVO4

nanocomposite heterojunction by in situ growth of InVO4 nano-

particles onto the surface of g-C3N4 nanosheets by a hydrother-

mal synthesis process [146]. The g-C3N4 nanosheet serves as an

excellent support matrix for the in situ growth of nanoparticles,

which were 20 nm in diameter and the interface formation be-

tween the two semiconductors improves charge transfer across

the interface by inhibiting recombination. The H2 evolution rate

of 212 µmol h−1 g−1 was achieved with this nanocomposite ma-

terial.

Feng et al. reported novel CdS quantum dot (QDs) coupled with

g-C3N4 photocatalysts by a chemical impregnation method

[16]. The reported photocatalyst was used for visible-light-

based H2 evolution from an aqueous methanol solution with Pt

as a cocatalyst. The effect of CdS loading was optimized to be

30 wt % of the photocatalyst. The optimized catalyst achieved

about a nine times higher H2 evolution rate of 17.27 μmol h−1,

as compared to pure g-C3N4. The improved photocatalytic H2

evolution by the CdS–g-C3N4 nanocomposite has been attri-

buted to the synergistic effect of g-C3N4 and CdS QDs, which

leads to the efficient separation of the photogenerated charge

carriers and thereby enhances the visible light photocatalytic H2

production activity of the nanocomposite.

As discussed in the introduction section regarding the signifi-

cance of 2D materials in photocatalytic applications, Chen et al.

[147] reported a highly efficient 2D–2D heterojunction of a

ternary metal sulfide CaIn2S4 with g-C3N4 nanosheets with inti-

mate interfacial contact obtained by facile two-step hydrother-

mal method. The as-prepared heterojunction exhibits face-to-

face contact of CaIn2S4 nanosheets with g-C3N4 nanosheets in

which the interfacial contact area is very large as compared to

other heterojunctions, such as point-to-line contact (OD-1D),

point-to-face contact (0D-2D), line-to-line contact (1D-1D) and

line-to-face contact (1D-2D). The optimized 30% CaIn2S4-g-

C3N4 nanocomposite showed a H2 evolution rate of 102 μmol

g−1 h−1, which was about 3-fold higher than pristine CaIn2S4

(Figure 11b). This enhanced H2 evolution was attributed to high

interfacial contact between CaIn2S4 and g-C3N4 and suitable

energy bands alignments, which facilitate separation of photo-

generated charge carriers to reaction sites (Figure 11a). More-

over the catalyst shows excellent stability and the original phase

was retained even after five reusability cycles. The H2 evolu-

tion mechanism was demonstrated on the basics of suitable

band potentials of both the semiconductors. Under visible-light

illumination, the photogenerated electron–hole formation takes

place in the CB and VB of both semiconductors. As electrons

transfer always takes place down potential, and holes always

move up potential, the photoexcited electrons from the CB of

g-C3N4 transfers to the CB of CaIn2S4, while holes from the

VB of g-C3N4 also transfer to the VB of CaIn2S4. Pt serves as

an excellent cocatalyst and accepts the photoexcited electrons

due to its high work function, which finally reduce the H+ ions

to generate H2.

g-C3N4-composite oxide nanocomposites
The composite oxide-based heterojunctions include very

interesting nanocomposites, such as g-C3N4–Ag3PO4,

g-C3N4–Ag3VO4 ,  g-C3N4–ZnWO4 ,  g-C3N4–SrTiO3 ,

g-C3N4–BiWO4, and g-C3N4–Bi2WO6. Such kinds of nano-

composites have been widely explored with remarkably en-
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Figure 11: (a) Schematic illustration of the photocatalytic H2 production over CaIn2S4/g–C3N4 catalysts and (b) comparison of photocatalytic H2 pro-
duction over various photocatalysts, under visible-light irradiation. Reprinted (adapted) with permission from [147], copyright 2015 American Chemi-
cal Society.

Figure 12: (a) Schematic diagram showing the effect of SCN acid treatment that leads to the formation of a composite between SCN and BiVO4 (gray
for SCN, red for oxygen, and blue for vanadium atom), (b) morphology of prepared photocatalyst, and (c) photocatalytic activity of the prepared photo-
catalysts. Reprinted (adapted) with permission from [84], copyright 2016 American Chemical Society.

hanced photocatalytic performance as compared to their respec-

tive bare counterparts. Recently, Woo et al. [84] reported their

investigation on a sulfur-doped g-C3N4 (SCN)-BiVO4 nano-

composite for water oxidation reaction. Bismuth vanadate

(BiVO4) is one of the most fascinating photocatalysts with a

suitable direct band gap (2.4 eV), which is excited by visible

light energy and suitably positioned CB and VB edge potentials,

which are favorable for various photocatalytic reactions. How-

ever, a very high exciton recombination rate limits the photocat-

alytic efficiency of BiVO4. Hence, to overcome this issue, the

heterojunction formation with an ideal material like g-C3N4 is

one of the promising strategies. The sulfur-doped g-C3N4-

BiVO4 nanocomposite was fabricated by a one-pot impregna-

tion co-precipitation method as shown in Figure 12a. The S

doping was introduced to narrow the band gap of g-C3N4 by

stacking its 2p orbitals on the valence band of bare g-C3N4

which eventually contributes to increase the efficiency. Further-

more, the sulfur doping facilitates the surface oxidation of

g-C3N4 during the impregnation method, and consequently, the

VO4
3− tetrahedron is formed on the oxidized site of g-C3N4. A

very interesting electron transfer mechanism has been dis-

cussed in the case of g-C3N4-BiVO4 nanocomposite in terms of

a Z-scheme, wherein excited electrons from BiVO4 favorably

combine with VB holes of g-C3N4, which is placed between the

CB and VB of BiVO4. The high rate of O2 evolution (328 μmol

h−1 g−1) has been achieved with an optimized g-C3N4-BiVO4
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nanocomposite, which is 2-fold higher than pristine BiVO4.

Figure 12 b,c presents SEM images of the g-C3N4–BiVO4

nanocomposite and the comparative rate of rate of O2 evolution

for various prepared catalysts along with control samples.

It is well known that perovskite-type oxides (ABO3) constitute

one of the promising classes of materials with diverse proper-

ties [148]. The main advantage of using the perovskite-type

cubic structure is the flexibility to tune the composition of the A

and B sites to form substituted materials [148]. Strontium

titanate (SrTiO3) is an important dielectric material, with a band

gap energy of 3.2 eV. The SrTiO3 has been explored as an ideal

photocatalytic material for water splitting reactions for H2 fuel

generation [149]. It is worth to mention here that SrTiO3

provides a higher potential as compared to TiO2 and facilitates

the formation of hydrogen and oxygen. Li et al. [150] have re-

ported the synthesis of cubic SrTiO3 by a polymerized complex

method (solid state milling), for H2 evolution by water splitting

under UV irradiation. It is very interesting to note that they tune

the SrTiO3 nanoparticle size depending on the synthesis param-

eters. The SrTiO3 nanoparticles prepared by this polymerized

complex route exhibit the best photocatalytic hydrogen evolu-

tion rate of 3.2 mmol h−1 g−1. This enhanced photocatalytic H2

evolution by water splitting of SrTiO3 nanoparticles could be

attributed to the small particle size and hence large surface area.

Small particles offer numerous active sites exposed on the sur-

face of the catalyst. These active sites may absorb more water

molecules, which are reduced by photogenerated electrons to

evolve H2 gas. Moreover, small particles facilitate the diffusion

distance from the interior to the surface of the catalyst for

photogenerated charge carriers. Taking inspiration from water

splitting capabilities of SrTiO3, various reports came on inter-

esting nanocomposite materials based on SrTiO3. Subsequently,

in order to enhance the photocatalytic H2 evolution and make

SrTiO3 active in visible light, Irvine et al. [83] reported a

unique and highly stable g-C3N4-coated SrTiO3 photocatalyst,

which can absorb visible light for energy generation. This

highly efficient photocatalyst based on g-C3N4-coated SrTiO3

has been synthesized in a facile manner by decomposing urea in

the presence of SrTiO3 at 400 °C. The catalytic activity was

demonstrated by photocatalytic water splitting reaction for H2

production and a high rate of evolution of 440 μmol h−1 g−1 has

been achieved under visible light irradiation. The enhancement

in photocatalytic activity could be attributed to the intimate

interfacial interaction between g-C3N4 and SrTiO3, where

photogenerated electrons and holes are effectively separated

and transferred to reaction sites.

g-C3N4-bismuth oxyhalide nanocomposites
Recently, bismuth oxyhalides, BiOX (X = Cl, Br, I) have at-

tracted much attention as layered materials with excellent pho-

tocatalytic properties, since the first report on the high photocat-

alytic activity of BiOCl in 2009 [151]. The layered structure of

BiOX composed of [Bi2O2]2+ blocks, and the internal electric

field formed in BiOX semiconductors is very effective for sepa-

ration of photoexcited charge carriers to enhance the photocata-

lytic activity [152]. Hence, it is very interesting to couple such

material with g-C3N4 to get remarkable photocatalytic enhance-

ments. It is noteworthy to mention here that most of the p-type

narrow band gap semiconductors, which have shown excellent

photocatalytic activity under visible light irradiation, belong to

the family of BiOX. Among them, BiOI is an attractive, p-type,

visible-light responsive semiconductor due to its narrow band

gap energy (1.78 eV) and is a potential to sensitize wide band

gap semiconductors [153]. It is known that BiOI-based hetero-

junctions exhibit enhanced photocatalytic performance under

visible light irradiation. Xie et al. [153] reported the synthesis of

n-type porous g-C3N4 with p-type nanostructured BiOI to form

a novel BiOI–g-C3N4 p–n heterojunction photocatalyst and

demonstrated its efficient photocatalytic activity. The results

show that the BiOI–g-C3N4 heterojunction photocatalyst exhib-

its superior photocatalytic activity compared to bare BiOI and

g-C3N4. The visible-light photocatalytic activity enhancement

of BiOI–g-C3N4 heterostructures has been attributed to the

strong absorption in the visible region by both the semiconduc-

tors and improved charge transfer due to significantly sup-

pressed recombination rate of the electron–hole pairs because of

the heterojunction formed between BiOI and g-C3N4.

BiOBr is another semiconductor from the bismuth oxyhalides

family that has recently gained attention in solar energy conver-

sion due to its high photocatalytic activity and stability under

UV and visible light irradiation. BiOBr is a lamellar-structured

p-type semiconductor with an intrinsic indirect band gap that

provides it with fast carrier mobility and prolonged electron life

time [154]. However, the band gap energy of BiOBr is around

2.9 eV, indicating that it cannot absorb a significant part of

visible light above 430 nm. Sun et al. [154] adopted a very

interesting strategy to enhance photocatalytic activity by con-

structing a 2D–2D heterojunction of a BiOBr semiconductor

with g-C3N4 nanosheets. This 2D–2D heterojunction exhibited

enhanced photocatalytic performance due to face-to-face con-

tact, which facilitates efficient charge transfer. They investigat-

ed the electronic coupling between the (001) plane of BiOBr

and the (002) plane of g-C3N4. The favorable coupling of the

crystal planes and matching band energies between BiOBr and

g-C3N4 promotes the efficient transportation of photogenerated

electrons and holes to reaction sites.

g-C3N4-noble metal nanocomposites
The noble metal nanoparticles (NPs), mainly Au, Pt, Pd, and

Ru, are of great interest because of their unique electronic,
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Figure 13: (a) HRTEM image of 1 wt % Au–g-C3N4 nanocomposite where the inset presents the corresponding SAED pattern. (b) Proposed mecha-
nism of photocatalytic H2 production and SPR of Au in a Au–g-C3N4 nanocomposite. Reprinted (adapted) with permission from [160], copyright 2014
Wiley-VCH.

optical, and magnetic properties [155]. In particular, Au NP are

employed to facilitate efficient charge separation, thus serving

as a Schottky barrier, wherein the charge transfer takes place

from one component to another in order to align the Femi

energy levels which effectively reduces the electron-hole pair

recombination [155]. Moreover, the surface plasmon resonance

(SPR) effect in noble metals increases the visible light utiliza-

tion in nanocomposites, which leads to the improved perfor-

mance [156]. Furthermore, the synthesis of nanoparticles with

exposed high-energy or active facets has attracted considerable

attention because they usually exhibit fascinating interfacial be-

haviour and have been applied in many fields including cataly-

sis [157], sensors [158], photovoltaics [156], and energy storage

applications [159]. In addition, the decoration of noble metal

particles on certain substrates such as g-C3N4 is highly benefi-

cial for enhancing the performance in many photocatalytic reac-

tions. In particular, the use of Au NPs has proved to be

extremely effective in promoting photocatalytic reactions within

a wide spectral range because of size effects and the surface

plasmon resonance (SPR) effect from Au NPs, leading to

visible-light responsive materials. Moreover, the interfacial

loading of noble metals nanoparticles on g-C3N4 could largely

increase the migration of photoelectrons, which can promote the

separation of electrons and holes, and thus play an important

role to enhance the photocatalytic activity.

Parida et al. [160] explored the nanocomposite prepared by Au

NP deposition on g-C3N4 by a facile deposition/precipitation

method. They systematically studied the effect of Au loading on

nanocomposites for visible-light-based photocatalytic H2 evolu-

tion. Upon exposing the nanocomposite to visible light, the

electron–hole pairs are generated, resulting in the formation of a

Mott–Schottky junction at the interface of the Au NP and

g-C3N4 (Figure 13 a). This results in the electron transfer from

the CB of g-C3N4 to the Au NP, which increases the electron

density on the Au NP. Furthermore, the interaction between Au

NPs and g-C3N4 results in a significant band gap reduction of

g-C3N4, making it more active in visible light. The high elec-

tron density on the surface of Au NPs results in the reduction of

water molecules to generate H2 fuel (Figure 13 b). The 1 wt %

Au loaded nanocomposite was found to be the optimized com-

position and displayed the highest H2 evolution of 532 µmol,

which was about 23 times higher than pure g-C3N4 along with a

high photocurrent density of 49 mA cm-2.

Similarly, Zhu et al. reported visible-light responsive plas-

monic composites of Ag@g-C3N4 having a core–shell architec-

ture [161]. In addition to self-catalysis by noble metals, local-

ized surface plasmon resonance (LSPR) generates local electro-

magnetic fields, which can be used to tune the absorption wave-

length of the composites. Moreover, the core–shell composites

exhibit 3D contact between the metal core and semiconductor

shell, which highly facilitates the plasmonic energy transfer

process. This also provides stability by preventing metals from

corrosion and aggregation. These Ag@g-C3N4 core–shell com-

posites have shown excellent activity for H2 evolution by water

splitting under visible light irradiation. The photoluminescence

(PL) emission spectra of Ag@g-C3N4 core–shell composites

was broadened and quenched with increasing Ag content. This

is indicative of charge transfer processes from the CB of

g-C3N4 to Ag and efficiently suppresses the recombination.

Furthermore, the Ag@g-C3N4 material exhibits about a 4-fold

higher photocurrent density than bare g-C3N4, signifying the

charge separation process in the core–shell composite with a
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prolonged life time of the photogenerated charge species. Hence

with the synergistic effect of LSPR of Ag and the facilitated

charge transfer across the core–shell due to the large area inter-

facial contact, the optimized Ag@g-C3N4 composite exhibits

about a 30-fold higher photocatalytic H2 evolution as compared

to g-C3N4.

g-C3N4-other carbon-based material
nanocomposites
In the past few years, the development of noble-metal-free,

highly efficient photocatalysts have been the thrust area of

research in scientific community as the very high cost of noble

metals restricts their use on a large scale [72]. Thus research has

taken a pathway towards the development of a carbon conduc-

tive support with proper electronic structure with ultrafast elec-

tron transfer and with high concentration of active sites on their

surface [162]. It has been reported that graphene also acts as an

excellent electron-donating modifier for g-C3N4 due to the lay-

ered structure similar to g-C3N4 and their suitable electronic,

mechanical, thermal and chemical properties [162]. Thereby,

combining the two related structures of carbon-based materials

would integrate their respective properties together, with

remarkable or unique properties in the resulting nanocompos-

ites. For instance, graphene–g-C3N4 nanocomposites exhibit

significantly improved charge transfer kinetics because of the

intimate contact between graphene–g-C3N4, wherein photogen-

erated electron−hole transfer takes place, which eventually

plays vital role in improving the photocatalytic performance.

Hence for such 2D–2D nanocomposites, the enhanced photocat-

alytic performance could be attributed to high catalytic surface

area, abundant reaction sites and formation of well-defined

electron−hole puddle at the interface of the 2D materials.

Recently, Xiang et al. reported on an intriguing nanocomposite

of g-C3N4 coupled with graphene as one of the most promising

metal-free visible-light active photocatalysts for H2 evolution

[163]. The effect of graphene concentration on photocatalytic

H2 evolution activity has been investigated and the optimum

content of graphene was found to be 1 wt %. The optimized

catalyst shows a H2 evolution rate of 451 μmol h−1 g −1 and

2.6% apparent quantum efficiency, which was about 3-fold

higher than pure g-C3N4. The reported photocatalytic mecha-

nism for the H2 evolution reaction can be seen in Figure 14. It is

clear that in g-C3N4 structures, N 2p orbitals constitute the VB,

whereas the C 2p orbitals form the CB. Upon visible light irra-

diation, electrons are excited from the VB to CB of g-C3N4,

which results in the formation of photogenerated electron–hole

pairs. The holes from the VB are scavenged by methanol, while

electrons participate in the photocatalytic reduction reaction to

generate H2 fuel. However, the electrons are transferred from

g-C3N4 to graphene sheets in the case of layered nanocompos-

ites of graphene–g-C3N4. The transferred electrons reduce H+ in

aqueous solution to release H2 as graphene acts as a conductive

channel to separate the photogenerated charge carriers. The pro-

posed photocatalytic mechanism has been further supported by

photoluminescence and photocurrent studies.

Figure 14: Proposed mechanism for the enhanced electron transfer in
the graphene–g-C3N4 composites for photocatalytic H2 production
under visible light irradiation. Reprinted with permission from [163]
copyright 2011 American Chemical Society.

In order to overcome the poor light absorption and fast recombi-

nation of charge carriers in g-C3N4, Dong et al. [164] reported a

unique, metal-free, isotopic heterojunction nanocomposite with

a prolonged life time of the photogenerated electrons for photo-

catalytic reactions by utilizing more visible light energy. They

fabricated layered g-C3N4–g-C3N4 isotope heterojunctions with

molecular composite precursors, urea and thiourea, which were

treated under the same thermal conditions. Owing to the fact

that both the precursors, urea and thiourea all possess different

band structures, this gave rise to the layered g-C3N4–g-C3N4

heterojunction. Hence a facile, economic and ecologically-

friendly method with earth-abundant precursors was utilized for

the preparation of this isotopic heterojunction. The precursors

show lattice fringes with a d-spacing of 0.323 nm (g-C3N4,

thiourea) and 0.327 nm (g-C3N4, urea). Visible-light irradiation

results in the generation of photogenerated charge carriers

which tend to transfer from g-C3N4, thiourea (CN-T) to

g-C3N4, urea (CN-U) driven by a CB offset of 0.10 eV, where-

as the photogenerated holes transfer from CN-U to CN-T driven

by a VB offset of 0.40 eV. The potential difference is consid-

ered to be the main driving force for efficient charge separation

and transfer across the heterojunction. Thus the down-potential

and up-potential movement of photogenerated electrons and

holes, respectively, drastically reduces their recombination,

which is of great significance for enhancing photocatalytic ac-

tivity. Furthermore, the significance of the isotopic heterojunc-

tion was justified by photoelectrochemical (PEC) and photolu-

minescence (PL) studies. In the case of CN-U, a strong PL

emission at 450 nm was observed, indicating the fast recombi-

nation of charge carriers, which was greatly inhibited by the

heterojunction formation with CN-T. This isotopic heterojunc-
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Table 3: Photocatalytic H2 evolution over g-C3N4-based nanocomposites. LED – light emitting diode; TEOA – triethanolamine; QDs – quantum dots.

Sl no. photocatalyst synthesis route light source sacrificial agent H2 production ref. (year)

1 g-C3N4–SrTiO3 co-precipitation l
and calcination

250 W UV–vis lamp – 440 µmol h–1·g–1 [83] (2011)

2 g-C3N4–SrTiO3:Rh solid state reaction 300 W Xe lamp methanol 223.3 µmol·h–1 [165] (2012)
3 g-C3N4–NiS hydrothermal visible light TEOA 48.2 µmol·h–1 [166] (2013)
4 g-C3N4–MoS2 impregnation visible light lactic acid 20.6 µmol·h–1 [167] (2013)
5 g-C3N4–CdS solvothermal and

chemisorption
350 W Xe arc lamp – 4152 µmol h–1·g–1 [168] (2013)

6 g-C3N4–Cu2O reduction 300W Xe lamp TEOA 241.3 mol h–1·g–1 [169] (2014)
7 g-C3N4–SnO2 chemical synthesis 300W Xe lamp TEOA 900 µmol h–1·g–1 [170] (2014)
8 g-C3N4–N-TiO2 electrospinning 300 W Xe arc lamp methanol 8931.3 μmol·h–1·g–1 [171] (2015)
9 g-C3N4–C-N-TiO2 solvothermal 300 W Xe lamp TEOA 39.18 µmol h–1·g–1 [172] (2015)
10 g-C3N4–CdS QD thermal

polymerization
300W Xe lamp TEOA 601 µmol·h−1 [173] (2015)

11 g-C3N4–Au–CdS in situ reduction
and
photodeposition

visible light TEOA 277 µmol·h−1 [174] (2015)

12 g-C3N4–N-CeOx annealing 300 W Xe lamp TEOA 292.5 µmol· h–1·g–1 [175] (2015)
13 g-C3N4–MgFe2O4 sol−gel and auto

combustion
300 W Xe lamp TEOA 30.09 μmol·h−1 [176] (2015)

14 g-C3N4–InVO4 hydrothermal 300 W Xe arc lamp methanol 212 µmol·h–1·g–1 [146] (2015)
15 g-C3N4–TiO2 solvothermal UV LED (3 W, 420 nm) methanol 5.6 µmol·h−1 [177] (2016)
16 g-C3N4–TiO2 calcination and

solvothermal
AM1.5 solar
power system

methanol 186.9 μmol·h−1 [178] (2016)

17 g-C3N4–Ni@NiO-CdS reduction 300 W Xe lamp TEOA 1258.7 μmol·h−1·g−1 [179] (2016)
18 g-C3N4@TiO2–CdS hydrothermal UV LED (3 W, 420 nm) – 75.2 µmol·h−1 [180] (2017)
19 g-C3N4–Ca2Nb2TaO10 thermal

condensation and
polymerization

300 W Xe arc lamp TEOA 43.54 µmol·h−1 [181] (2017)

tion formation results in the redistribution of electrons on one

side and holes on the other side of the heterojunction as per

their band offsets. Hence intrinsic limitations have been over-

come by heterojunction formation to improve quantum effi-

ciency and construct a new class of photocatalysts materials. In

addition to the works presented above, many more g-C3N4-

based nanocomposites have been investigated by several

researchers for photocatalytic energy generation applications.

Some of the important recent reports have been summarized in

Table 3.

Photocatalysts for environmental remediation
applications
Over the years, it has been observed that substantial research

efforts have been devoted to the design and development of

functional nanomaterials, which can utilize maximum light

energy and remove various kinds of organic and inorganic

pollutants from water. It has been noticed that most of these

pollutants cannot be removed completely by biological or

conventional treatment methods because of their high chemical

stability or strong resistance to mineralization [182]. As envi-

ronmental pollution, and especially water contamination, has

surpassed the threshold of the natural purification process due

to rapid industrialization, there is an urgent need to develop low

cost, environmentally benign methods, which can effectively

remove pollutants from contaminated water. The chemical oxi-

dation of pollutant dyes, such as methylene blue (MB), methyl

orange (MO), rhodamine B (RhB) can lead to their complete

mineralization [183]. This oxidation process involves the in situ

generation of highly reactive oxidative species, such as

hydroxyl radicals (*OH), superoxide radicals (O2
−*) and holes

(h+) during photocatalytic reaction [12]. These highly oxidative

species react with target molecules (pollutants) and bring about

their complete mineralization. The heterogeneous photocataly-

sis has turned out to be one of the most appealing options for

pollutant removal due to its potential to mineralize pollutants by

utilizing the solar energy spectrum [12]. Carbon-based 2D ma-

terials (mainly graphene and g-C3N4) have been extensively

employed as nanocomposites because of their high specific sur-

face area, which can adsorb large quantities of pollutants.

Therefore, more adsorption of pollutants over the catalyst sur-

face is one of the crucial parameters in addition to a low recom-

bination rate and fast charge transfer to generate active oxida-

tive species during oxidative degradation processes.
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Generally, the photocatalytic degradation mechanism over

semiconductor-based nanocomposites can be summarized as the

following [12]:

It is clear from the above reactions that when a photocatalyst is

subjected to light, electron–hole pair formation takes place after

absorption of photon energy (hν) is equal to or greater than the

band gap of the semiconductor. Then, photogenerated electrons

in the CB of the semiconductor and the holes in its VB migrate

to the surface of the semiconductor photocatalyst. This is fol-

lowed by the in situ generation of active oxidative species,

hydroxyl radicals (*OH), superoxide radicals (O2
−*) and holes

(h+). The *OH radicals are primary oxidative species in photo-

catalytic reactions to degrade pollutants, which are formed in

aqueous solution by two routes. Initially, water is photo-

oxidized by h+ followed by reaction of O2
−* with protons (H+)

to form *OOH, which in turn generates O2 and H2O2 that

finally decomposes to form *OH. Furthermore, the photogener-

ated h+ also have the tendency to degrade organic pollutants

directly depending on oxidative conditions. In order to increase

the efficiency of photocatalytic reactions, the use of hole scav-

engers is always preferred, which effectively suppresses the

photogenerated carrier recombination.

Graphene-based binary nanocomposites for
environmental remediation
As explained in a previous section, the extraordinary optical and

electrical properties of graphene makes it a perfect material for

various practical applications. It is anticipated that bulk

graphene can preserve its extraordinary properties. However,

the strong van der Waals interactions result in restacking of

graphene sheets and its conductivity is partly revived after

reduction from graphene oxide to the reduced form which

diminishes its accessible surface area [184]. Extensive studies

have been devoted to tackle this problem. One of the effective

ways is nanocomposite formation with metal sulfide/oxide

semiconductors, noble metals etc., which can effectively avoid

re-stacking of individual graphene sheets. This retains the high

conductivity and high specific surface area availability for prac-

tical applications such as photocatalytic pollutant removal.

Graphene–semiconductor-based binary nanocomposites with

excellent visible-light response have been explored widely for

pollutant degradation because of their extraordinary perfor-

mance. Based on the visible-light response, the narrow band

gap semiconductors, mainly MoS2 (Eg = 1.86 eV) in nanocom-

posite with graphene, have been intensively studied. Pan et al.

[185] reported binary nanocomposites of MoS2–reduced

graphene oxide prepared by a microwave-assisted method. The

graphene oxide was reduced to RGO with MoS2 precursor

thioacetamide solution during microwave treatment. This binary

nanocomposite was tested for visible-light-based photocatalytic

degradation of MB as a model pollutant. The results indicate

about 99% degradation occurred within 60 min of visible-light

irradiation for nanocomposites optimized at 0.5 wt % RGO in

the photocatalyst. This enhanced photocatalytic performance

has been attributed to excellent dye adsorption on RGO and im-

proved charge transfer between MoS2 and RGO. Subsequently,

Chen et al. also reported similar binary MoS2–graphene oxide

(GO) nanocomposites by hydrothermal method for solar-light-

based degradation of MB. The MoS2 content was systemati-

cally varied in the nanocomposites and composition where

10 wt % of MoS2 proved to be best composition for enhanced

photocatalytic performance for MB removal [186].

Furthermore, visible-light responsive catalysts, such as CdS,

have been explored by Wang et al. [187] who reported visible-

light active CdS–graphene nanocomposites prepared by hydro-

thermal methods for dye degradation. Interestingly, the loading

of graphene onto CdS further decreases the band gap of CdS,

which signifies the strong interaction between both the compo-

nents in binary nanocomposites and has been supported by the

diffuse reflectance UV–vis spectroscopy. Moreover, the tran-

sient photocurrent response studies further confirm the

CdS–graphene heterojunction formation and excellent photo-

generated charge separation, which leads to more 95% degrada-

tion of MO in only 60 min of irradiation.

Besides acting as an excellent electron acceptor/transporter, the

role of graphene as a photosensitizer has also been reported.

Zhu et al. [188] have reported the ZnWO4–graphene nanocom-

posite and the photocatalytic activity was demonstrated both

under UV and visible light for MB degradation. The visible-

light responsive activity of ZnWO4–graphene nanocomposites

was about 7-fold higher than bare ZnWO4, which could be

ascribed to the generation of *OH and O2
−* because of charge

transfer from graphene (LUMO) to the CB of ZnWO4. The

transferred electrons in the CB of ZnWO4 reduce the dissolved

O2 to generate O2
−*. This explains the photosensitizer role of

graphene in which photogenerated electron–hole pair formation

by promotion of electrons from HOMO to LUMO. In addition

to this, ZnWO4 is UV-excited as per its band gap energy
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(3.08 eV), which also results in photogenerated charge carrier

formation. However, this work does not exclude the possibility

of dye sensitization which could lead to fast charge transfer and

enhanced photocatalytic activity. There are many reports avail-

able [189,190], which explain the significance of dye sensitiza-

tion to enhance photocatalytic activity.

Thus, to avoid self-induced photosensitization of the reaction

substrate, Xu et al. reported graphene–ZnO-based nanocompos-

ites with strong interfacial bonding by in situ growth of

graphene (GR) sheets on ZnO [128]. This nanocomposite has

been utilized for photocatalytic reduction of Cr(VI) to Cr(III) in

aqueous solution under visible-light irradiation. The band gap

of ZnO is about 3.37 eV, hence it cannot absorb visible light

and this excludes the possibility of photocatalytic activity

because of ZnO excitation. Thus upon visible-light irradiation,

electron promotion from HOMO (GR) to LUMO (GR) takes

place, from where photogenerated electrons are transferred to

the CB of ZnO and further participate in the reduction reaction

as presented in Figure 15.

Figure 15: Schematic illustration depicting the photosensitizer role of
graphene in GR–ZnO nanocomposites for the photocatalytic reduction
of Cr(VI) in aqueous solution. Reprinted with permission from [128],
copyright 2013 American Chemical Society.

Graphene-based ternary nanocomposites for
environmental remediation
In addition to the binary nanocomposites, graphene-based

ternary nanocomposites have also attracted much attention for

environmental remediation applications. In order to further

improve the photocatalytic performance, heterojunction con-

struction of ternary nanocomposites with suitable energy band

alignments have been explored. Such ternary heterojunctions

could benefit the charge transfer across the interface as per suit-

able band potentials to facilitate the separation of photogener-

ated charge carriers efficiently. In addition to the improved

charge transfer kinetics, ternary nanocomposites showed

excellent light absorption owing to the presence of a three-

component system, which can better utilize a wide range

of the solar energy spectrum in comparison to binary nanocom-

posites. Recently, our group reported the synergetic effect of

MoS2–RGO doping of ZnO nanoparticles to enhance its

photocatalytic performance for pollutant removal [191].

The ZnO–MoS2–RGO ternary nanocomposites were prepared

by a facile hydrothermal method with varying content of

MoS2–RGO nanosheets. Firstly, MoS2–RGO nanosheets were

prepared and then its suspension with zinc acetate dihydrate,

Zn(CH3COO)2·2H2O, sodium hydroxide (NaOH) was made

and treated hydrothermally to afford the final ternary nanocom-

posites exhibiting intimate contact between ZnO–MoS2–RGO.

The photocatalytic activity of the prepared ternary nanocompos-

ites was examined by the studying the degradation of a coloured

pollutant, MB dye, and a colourless pollutant, carbendazim, a

hazardous fungicide under natural sunlight irradiation. The en-

hanced photocatalytic activity of as-prepared ternary nanocom-

posites, as compared to bare ZnO nanoparticles, has been attri-

buted to the synergetic effect between MoS2–RGO. The charge

transfer occurs as per the CB and VB potentials of ZnO and

MoS2. The CB of ZnO (−0.31 eV vs NHE) is more negative

than that of MoS2 (−0.13 eV vs NHE), which favours the photo-

generated electron transfer from the CB of ZnO to the CB of

MoS2. Furthermore, MoS2 has a more negative CB than RGO,

which has Fermi level at −0.08 eV vs NHE, facilitating the

charge transfer to RGO. These transferred electrons form reac-

tive oxidative species *OH, which degrade both the coloured

and colourless pollutants during the photocatalytic process. The

high surface area of MoS2–RGO nanosheets adsorb pollutants

effectively thereby contributing to their efficient degradation.

To further prove the role of graphene as an excellent electron

accepting/shuttling system with high pollutant adsorption

ability, our group reported another ternary nanocomposite

composed of CdS–ZnO–RGO for degradation of MO under

visible light and natural sunlight irradiation [192]. More than

90% of the dye was removed from water in 60 min under

natural sunlight irradiation, while it took about 90 min under

visible-light irradiation. Under natural sunlight irradiation, both

of the semiconductors (CdS and ZnO) are photoexcited and

charge transfer takes place from the more negative CB of CdS

(−0.66 eV vs NHE) to the CB of ZnO (−0.31 eV vs NHE). The

photogenerated electrons from the CB of ZnO are readily trans-

ferred to RGO because of the high work function value of ZnO

(5.2–5.3 eV) as compared to RGO (4.5 eV). Simultaneously, the

transfer of the holes takes place up-potential from the VB of

ZnO to the VB of CdS. As the Fermi level of RGO is −0.08 eV

vs NHE, which is more positive than the redox potential of

O2/O2
−* (−0.13 V), O2

−* cannot be formed but H2O2 formation

was favoured as per its redox potential (O2/H2O2 = +0.695 eV

vs NHE). This H2O2 further decomposed to form *OH. Thus

photogenerated electron–hole pairs are effectively separated,
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which improves the efficiency of the reaction. Holes along with
*OH resulted in the degradation of adsorbed MO on the photo-

catalyst surface.

Many research groups have utilized the SPR effect of noble

metals like Au and Ag to utilize the visible region of the solar

energy spectrum by the formation of a Schottky barrier for

facile charge transfer to fabricate ternary nanocomposites with

promising photocatalytic activity. Hahn et al. [119] fabricated

Au NP-decorated, reduced graphene oxide (RGO)-wrapped,

ZnO hollow spheres. The unique structure of the ZnO hollow

spheres provided a very high charge transfer of around 87 ps,

which is better than other nanostructures like nanorods (128 ps),

nanoparticles (150 ps), etc. Au-decorated heterostructures

showed an improved charge transfer efficiency of 68% as com-

pared to their binary counterpart (RGO–ZnO) at only 40.3%.

These high charge transfer kinetics resulted in improved photo-

catalytic activity of nanocomposites towards MB degradation as

can be seen from Figure 16a,b. In addition, the high surface area

of the Au–RGO–ZnO heterostructures (28.9 m2g−1), as com-

pared to RGO–ZnO (17.9 m2g−1) and ZnO (12.7 m2g−1)

resulted in excellent adsorption of MB, which is readily

degraded. The photocatalytic degradation mechanism of the

Au–RGO–ZnO nanocomposite is presented in Figure 16c. Upon

UV light irradiation, electron−hole pairs are generated in the

ZnO. The photogenerated electrons from the CB of ZnO are

transferred to RGO due to the suitable work function value of

RGO (4.5 eV) as compared to 5.2–5.3 eV for ZnO and 5.1 eV

for Au nanoparticles. These transferred photogenerated elec-

trons react with dissolved O2 to form O2
•− while photogener-

ated holes can generate *OH by reacting with water. These oxi-

dative reactive species finally result in the mineralization of

pollutants.

In addition to these binary and ternary graphene-based nano-

composites, there are many reports available in literature on the

use of other graphene-based nanocomposites for environmental

remediation application. Some of the noteworthy recent reports

have been summarized in Table 4.

g-C3N4-based nanocomposites for environmental
remediation
g-C3N4 is an important material of interest for environmental

remediation applications in the form of nanocomposites

[95,216]. The structure of g-C3N4 is composed mainly of C–N

bonds, which makes it a mildly basic catalytic material. Further-

more, the replacement of C by N in the six-membered ring leads

to more basicity, which is beneficial for reactions like the

nitrogen monoxide (NO) decomposition [217]. NO is a

hazardous pollutant that causes various environmental issues

such as acid rain, photochemical smog, etc. The direct decom-

Figure 16: (a) Diagram showing the superior photocatalytic activity of
the Au–RGO–ZnO heterostructures, (b) reusability cycles of
Au–RGO–ZnO, and (c) a schematic illustration of the charge transfer
in Au–RGO–ZnO heterostructures. Reprinted with permission from
[119], copyright 2015 American Chemical Society.

position reaction of NO into N2 and O2 is not feasible due to

various issues in real conditions [218]. Moreover, atmospheric

O2 prevents adsorption of NO on active sites of the catalyst sur-

face and hence decreases the activity. The basic groups on the

surface of g-C3N4 provide resistance to O2, the polar groups

C–N–C favours adsorption of NO on its surface. Therefore

g-C3N4 is an ideal catalyst for the NO decomposition reaction

[217].

Recently, Zhang et al. [217] reported n–n type nanocomposites

of CeO2–g-C3N4 by an in situ pyrolysis method with enhanced

photocatalytic activity for phenol and NO removal under

visible-light irradiation. The optimized CeO2–g-C3N4 catalyst

with 8% CeO2 in the nanocomposite shows the best photocata-

lytic performance. The photocatalysts having more CeO2

content show decreased activity due to agglomeration of CeO2

over g-C3N4 nanosheets, which can destruct interfacial contact

and hence the charge transfer across it. This optimized 8%

CeO2–g-C3N4 photocatalyst exhibited a high photocurrent

(0.35 µA) as compared to bare CeO2 (0.06 µA) and g-C3N4

(0.14 µA), which clearly signify the high interfacial charge sep-

aration and suppressed recombination rate of the photogener-

ated charge carriers. The CB potential of g-C3N4 (−1.09 eV) is

more negative as compared to CeO2 (−0.79 eV) which favours

the photogenerated electron transfer down-potential to the CB

of CeO2 from the CB of g-C3N4. This is followed by hole

transfer from the VB of CeO2 to the VB of g-C3N4. Hence

photogenerated charge species are effectively separated from

each other at intimate interfacial contact between CeO2 and

g-C3N4. The density of holes increases in the VB of g-C3N4,
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Table 4: Graphene-based nanocomposites for environmental remediation. MCM 41 – mesoporous silica; H2TCPP – meso-tetrakis(4-
carboxyphenyl)porphyrin; RGO – reduced graphene oxide; GR – graphene; EE2 – 17α-ethinylestradiol.

Sl no. photocatalyst light source pollutant (concentration) tcompletion (min) ref. (Year)

1 GO–TiO2 visible light 1000 W Xe lamp MO (12 mgL−1) 180 min [193] (2010)
2 GR–TiO2–MCM41 100 W Hg lamp 2-propanol (2.6 mmol L−1) – [194] (2010)
3 RGO–ZnO UV light MB (5 mg L−1) 260 min [195] (2011)
4 GO–Ag–AgX (X = Cl, Br) 500 W Xe arc lamp MO (15 mg L−1) 40 min [196] (2011)
5 GR–ZnFe2O4 500 W Xe lamp MB (20 mg L−1) 90 min [197] (2011)
6 GR–TiO2 150 W high-pressure Xe lamp MB (1 mg · L−1) 180 min [198] (2011)
7 GR–InNbO4 500 W Xe lamp MB (5 mg L−1) 90 min [199] (2011)
8 GR–Bi2WO6 500 W Xe lamp RhB (10−5 M) 16 min [200] (2011)
9 GR–TiO2 UV light, mercury lamp solar light RhB (0.5 × 10−5 M) 40 min [201] (2012)
10 RGO–SnO2 350 W Xe lamp MB (2.7 × 10−5 M) 360 min [202] (2012)
11 RGO@ZnO simulated solar light RhB 120 min [48] (2012)
12 RGO–ZnO 12 W UV lamp MB (5.0 × 10−5 M) 130 min [203] (2012)
13 GR–TiO2 UV light, 40 W cylindrical

black light bulb
MB (0.01 mM) – [204] (2012)

14 GR–Fe3+–TiO2 UV–vis light MB (4.5 ppm),
formaldehyde (3000 ppmV)

150 min,
90 min

[205] (2013)

15 RGO–SnS2 500 W Xe lamp Rh B (10 mg L−1),
phenol (10 mg L−1)

120 min,
≈240 min

[206] (2013)

16 RGO–MoS2 visible light, 5 W white LED MB (60 mg L−1) 60 min [185] (2014)
17 GR–TiO2 UV light, 100 W mercury

lamp
MO (10-4 mol L−1 ) 240 min [207] (2014)

18 GR–CaTiO3 15 W low-pressure mercury lamp MO (1 mg L−1) 60 min [208] (2014)
19 RGO–TiO2–ZnO 300 W Xe lamp MB (0.3 mg L−1) 120 min [209] (2015)
20 RGO–KTaO3 visible light phenol (0.21 mM) 60 min [210] (2015)
21 RGO–H2TCPP–TNT halogen lamp MB (10 mg L−1) 120 min [211] (2016)
22 RGO–Pt–TiO2 300 W Xe lamp irradiation nitrobenzene (0.01M) 480 min [212] (2016)
23 RGO–Ag–Bi2MoO6 300 W halogen tungsten lamp phenol (10 mg L−1) 300 min [213] (2016)
24 RGO–Ag–ZnFe2O4 300 W Xe lamp EE2 (2.0 mg L−1) 240 min [214] (2016)
25 RGO–Pd–Bi2MoO6 300 W halogen tungsten lamp phenol (10 mg L−1) 300 min [215] (2017)

which causes the mineralization of pollutants because of its

strong oxidizing power. On the other hand, electrons from the

CB of CeO2 react with the dissolved O2 to form O2
−*, contrib-

uting to the degradation of the pollutants.

A highly efficient g-C3N4–Ag3PO4 nanocomposite for MO

removal under visible light was reported by Katsumata et al.

[219]. Ag3PO4 is one of the more interesting semiconductors

with a 2.45 eV band gap and high oxidative power for pollutant

degradation. The in situ precipitation method was employed for

g-C3N4–Ag3PO4 nanocomposite synthesis, during which Ag

nanoparticle formation on the surface of catalysts plays a

crucial role in photocatalytic activity. The charge transfer in this

nanocomposite takes pace through the Z-scheme process. As is

clear from Figure 17, visible-light irradiation results in the for-

mation of photogenerated electrons in the CB and holes in the

VB of both the semiconductors. The photogenerated electrons

from the CB of Ag3PO4 migrate to the Ag nanoparticles

through the Schottky barrier due to the more positive Fermi

level of Ag. Moreover, the Fermi level of Ag is more negative

Figure 17: Z-scheme photocatalytic mechanism of the
g-C3N4–Ag3PO4 hybrid photocatalyst under visible-light irradiation
(>440 nm). Reprinted with permission from [219], copyright 2014
American Chemical Society.
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than the VB potential of g-C3N4, which leads to the hole migra-

tion from the VB of g-C3N4 to Ag. Hence Ag nanoparticles at

the interface of g-C3N4–Ag3PO4 acts as a charge separator and

oxidative species are formed by CB electrons in g-C3N4, which

brings about pollutant degradation. Holes from the VB of

Ag3PO4 itself oxidize the pollutants. The g-C3N4–Ag3PO4

nanocomposite was able to degrade MO dye in just 5 min of ir-

radiation, which illustrates the high efficiency of the photocata-

lyst. This excellent photocatalytic activity could be attributed to

the efficient photogenerated charge separation by the Z-scheme

process, wherein Ag nanoparticles as charge separation centers

leads to fast charge transfer across interface in g-C3N4–Ag3PO4

nanocomposites.

Zhao et al. [220] reported a very interesting study on the band

gap tuning of g-C3N4-RGO nanocomposites. They reported

that by controlling the reduced graphene oxide (RGO) content

in the nanocomposite, its band gap can be easily tuned. The

g-C3N4–RGO nanocomposite exhibits a considerably reduced

band gap as compared to bare g-C3N4. It was very interesting

that an optimized RGO content in the nanocomposite led to a

positive shift of the VB edge potential, thereby increasing its

oxidation power. The decrease in the band gap energy of the

nanocomposite was ascribed to the covalent bond formation of

C–O–C between g-C3N4 and RGO, which has been confirmed

by Fourier transform infrared (FTIR) and X-ray photoelectron

spectroscopy (XPS). This nanocomposite exhibits improved

photocatalytic activity for the degradation of rhodamine B and

4-nitrophenol under visible light irradiation, which could be at-

tributed to the enhanced visible light absorption by band gap

narrowing, high oxidation power and the excellent electron

conductivity across the g-C3N4–RGO interface. Many g-C3N4

nanocomposites based on heterojunction formation with

graphene have been reported with high quantum efficiency for

various photocatalytic applications.

Huang et al. [221] reported a novel ternary nanocomposite

composed of g-C3N4–Ag–TiO2 with enhanced photocatalytic

activity for pollutant removal. The Ag was photodeposited as an

interlayer between g-C3N4 and TiO2 and this ternary nanocom-

posite was demonstrated for visible-light-based photocatalytic

activity. The visible-light response of the nanocomposite was

enhanced due to the SPR effect of Ag and the interface forma-

tion between Ag–g-C3N4–TiO2. The photocatalytic mechanism

has been discussed on the basis of CB and VB edge potentials

in this ternary g-C3N4–Ag–TiO2 nanocomposite. The CB and

VB edge potentials of g-C3N4 were at −1.23 and +1.52 eV,

while those of TiO2 were at −0.30 and +2.92 eV, respectively.

Under visible-light irradiation, only g-C3N4 was excited

because of its suitable band gap. The photoexcited electron

transferred to the CB of TiO2 because of the more negative CB

potential of g-C3N4. Furthermore, Ag NPs in the interlayer of

the two semiconductors played a crucial role as an electron-

conduction bridge. Moreover the Schottky barrier formation

takes place at the interface of the Ag and TiO2 nanoparticles,

which facilitates this electron transfer in addition to enhanced

visible-light response due to its SPR effect.

The nanocomposites of g-C3N4 with other cabon-based materi-

als, such as graphene, have been investigated thoroughly as effi-

cient, low cost and metal-free photocatalysts for removal of

various pollutants. The development of such nanocomposites is

generally based on some nanoparticle/nanorod/nanosheet

heterostructure, which are nowadays a very common strategy

explored on a large scale. In this regard, recently, Jiang et al.

[222] explored a very effective 3D porous aerogel based on

g-C3N4 and GO nanosheets for photocatalytic environmental

remediation. This aerogel was prepared by the hydrothermal

co-assembly method and utilized for MO dye removal under

visible-light irradiation. The GO nanosheets with porous struc-

ture and high pollutant adsorption capability were utilized for

nanocomposite formation with g-C3N4 . The main advantage of

the 3D porous structure is that it can inhibit the stacking of

nanosheets and make more active sites available for catalytic

reaction. The g-C3N4 acts as a photocatalyst and electron–hole

pairs are generated by visible light absorption. GO makes a 3D

porous structure and facilitates the charge transfer process at the

large coherent interface to generate reactive oxidative species,

which can mineralize the MO dye effectively. More than 90%

of MO was removed by a porous aerogel of g-C3N4 and GO

nanosheets in 4 h of irradiation, which is about 6-fold higher

than bare g-C3N4.

In the past few years, g-C3N4-based nanocomposites with semi-

conductors and metals have been successfully prepared and em-

ployed for environmental remediation applications for various

harmful pollutant degradation. Some of the notable recent

reports have been presented in Table 5.

Conclusion
The combination of excellent properties and the easy availabili-

ty have made carbon-based materials one of the most promis-

ing materials for catalysis. Solar energy harvesting for energy

generation from water is one of the attractive and challenging

field in photocatalysis. Due to the huge specific surface area,

graphene acts as an excellent 2D support material for metals,

metal oxides and other materials. The tunable optical and elec-

tronic properties of these materials have made them a versatile

material, particularly graphene, which can act as cocatalyst,

photocatalyst and photosensitizer, and even exhibit the prop-

erty of hydrogen evolution (energy generation) by itself. On

similar note, a wide range of g-C3N4-based nanocomposites
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Table 5: g-C3N4-based nanocomposites for environmental remediation. CQDs – carbon quantum dots; CNTs – carbon nanotubes; MO – methyl
orange; MB – methylene blue; DCP – dichlorophenol; PNP – p-nitrophenol; RhB – rhodamine B; BF – fuchsin; 4-NP – 4-nitrophenol.

Sl no. photocatalyst light source pollutant (concentration) tcompletion (min) ref. (Year)

1 g-C3N4–Au 500 W Xe lamp MO (10 mg L−1) 150 min [223] (2013)
2 g-C3N4–Bi2WO6 300 W Xe lamp MO (5 mg L−1), 2,4-DCP (20 mg L−1) 120 min [224] (2013)
3 g-C3N4–Ag2O 300 W Xe lamp MO, phenol (20 mg L−1) 30 min,

180 min
[225] (2013)

4 g-C3N4–Ag 300 W Xe lamp MO, PNP (10 mg L−1) 120 min [226] (2013)
5 g-C3N4–C–ZnO 300 W Xe lamp MB (10 mg L−1) 120 min [74] (2014)
6 g-C3N4–N–ZnO 300 W Xe lamp RhB (5 mg L−1) 60 min [227] (2014)
7 g-C3N4–ZnO 500 W Xe lamp MB (0.04 mM) 150 min [228] (2014)
8 g-C3N4–WO3 500 W Xe lamp MB (0.9 × 10−5 mol), BF (1.0 × 10−5 mol) 60 min [229] (2014)
9 g-C3N4–WO3 500 W Xe lamp RhB (0.01 M) 120 min [230] (2014)
10 g-C3N4–N–SrTiO3 300 W Xe lamp RhB, 4-chlorophenol (5 mg L−1) 60 min [231] (2014)
11 g-C3N4–CdS PLS-SXE 300 lamp MO (5 mg L−1) 16 min [232] (2014)
12 g-C3N4–C60 500 W Xe lamp RhB (1.0 × 10−5 mol L−1) 60 min [233] (2014)
13 g-C3N4–C60 500 W Xe lamp MB (0.01 mM), phenol (5 ppm) 180 min [234] (2014)
14 g-C3N4–TiO2 100 W mercury lamp,

300 W halogen lamp
MO, RhB (0.2 wt %) 50 min,

300 min
[235] (2014)

15 g-C3N4–SnO2 300 W Xe lamp MO (10 ppm) 180 min [170] (2014)
16 g-C3N4–SnS2 300 W Xe lamp Cr(VI) (50 mg L−1) 50 min [236] (2014)
17 g-C3N4–Ag 500 W Xe lamp MB (0.01 mM) and phenol (10 ppm) – [161] (2014)
18 C3N4–CQD IR source MO (4 mg L−1) 240 min [237] (2015)
19 g-C3N4–Au–CNT visible light source RhB 50 min [238] (2015)
20 g-C3N4 –TiO2 LED 3 W MO, phenol (10 mg L−1) 80 min [239] (2015)
21 g-C3N4 –Ti3+–TiO2 300 W Dy lamp RhB (20 mg L−1) 120 min [240] (2015)
22 g-C3N4–Ag2CO3 300 W Xe lamp MO, RhB (10 mg L−1) 30 min [241] (2015)
23 g-C3N4–AgBr 35 W metal halide lamp MO (10 mg L−1) 120 min [242] (2015)
24 g-C3N4–Bi2WO6 Xe lamp RhB (10 mg L−1) 50 min [243] (2015)
25 g-C3N4–CeO2 300 W Xe lamp MB (10 mg L−1) 210 min [244] (2015)
26 g-C3N4–Fe2O3 300 W Xe lamp RhB (20 mg L−1) 90 min [245] (2015)
27 g-C3N4–AgVO3 visible light MO (10 mg L−1) 60 min [246] (2017)
28 g-C3N4–Ag–Fe3O4 visible light MB (10 ppm) 120 min [247] (2017)
29 Na–g-C3N4–DyVO4 tungsten/halogen linear

lamp (500 W)
RhB (0.02 mM), 4-NP (0.143 mM) 80 min,

≈360 min
[248] (2017)

30 g-C3N4–TiO2–CdS 500 W Xe lamp phenol (10 mg L−1) 300 min [249] (2017)

with non-metal, metal oxide semiconductors, composite oxide

semiconductors, and noble metals have been reported with en-

hanced light absorption and accelerated charge transfer kinetics

for energy generation applications. Furthermore, these two-

dimensional carbon-based nanocomposites have shown promis-

ing results in the case of photocatalytic environmental applica-

tions as well, as described in detail in this review article.

Despite all the excellent results obtained with carbon-based

nanocomposites for photocatalytic applications, there are also

some challenges for improving its utilization.

(1) First of all, the water splitting reaction is a thermodynami-

cally unfavourable reaction as the Gibbs free energy is positive

for this reaction. Hence, making this reaction feasible and

preventing the back reaction of hydrogen and oxygen to form

water using economic and ecologically-friendly catalysts is a

big challenge.

(2) The oxidation of graphite flakes introduces various func-

tional groups in graphene oxide, which disrupt its electronic

structure by several orders of magnitude as compared to pris-

tine graphene. The conductivity is revived when graphene oxide

is reduced but various defects remain. Thus, the fabrication of

novel graphene-based nanocomposites with improved catalytic

performance is still a challenge. Moreover, large-scale produc-

tion of graphene-based nanocomposites with controlled mor-

phology and high performance is a challenging task.

(3) The role of graphene as a photocatalyst and photosensitizer

is also complex in a mechanistic way, because generally it has

been reported that the enhanced photogenerated charge carrier
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separation, and then charge transfer to the CB of semiconduc-

tor, is responsible for the activity of the catalyst. However,

many research groups have demonstrated that electrons can be

transferred from the upper VB of graphene to the semiconduc-

tor, as graphene can act as photosensitizer. Such a mechanism is

still not fully understood and detailed investigations are needed

for this particularly interesting interfacial charge transfer in

graphene-based nanocomposites.

(4) The multicomponent graphene-based nanocomposites have

shown remarkable enhancement in the photocatalytic perfor-

mance towards energy generation and pollutant removal due to

improved charge transfer kinetics and well-defined intimate

contact between constituent materials. Therefore, more of the

facile synthetic strategies need to be developed in order to

control morphology and design such multicomponent nanocom-

posites.

(5) In photocatalytic water splitting, it is predominantly the

hydrogen evolution which contributes to the energy generation.

This evolved hydrogen needs to be stored in an efficient and

safe manner for future consumption. Hence, hydrogen storage is

also a big issue in order to use it as fuel.

(6) Although a huge number of carbon-based photocatalysts

have been explored for energy generation by solar water split-

ting, the significant breakthrough in harvesting energy by

utilizing the full solar spectrum still needs to be achieved.

(7) Most of the photocatalytic water splitting reactions for H2

generation are carried out in the presence of sacrificial agents as

hole scavengers, such as methanol, ethanol, triethanolamine, so-

dium sulfide, sodium sulphite, etc. Keeping in view the energy

efficiency, environmental benignity and sustainability, the use

of such sacrificial agents needs to be avoided in future.

(8) The synthesis of g-C3N4-based complex nanocomposites

with proper architecture and a rational charge cascading process

for real life applications is full of challenges as the mechanism

of photocatalytic enhancement by g-C3N4 nanocomposites is

still unclear.

(9) The most important concern with g-C3N4-based complex

nanocomposites is stability, which is not well addressed to date.

The photocatalytic stability is one of the crucial parameters that

decides commercial application of catalysts.

(10) The detailed mechanistic pathways leading to the mineral-

ization of pollutants using these carbon-based nanocomposites

as photocatalysts is not fully understood and entails detailed in-

vestigations on the intermediates formed during the process.

Finally, the rapid development of materials science and nano-

technology in the past few years has invented a new class of

functional materials for photocatalytic applications. The fasci-

nating properties of these materials could be further explored

for understanding the mechanisms in photocatalytic reactions to

effectively address the various global issues in the future.

Hence, it requires more effort from scientific community for

better understanding of physicochemical properties of the nano-

composites based on these two-dimensional carbon-based mate-

rials to develop novel functional materials for sustainable chem-

istry.
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Abstract
In this study, a precursor for carbon nanofibers (CNF) was fabricated via electrospinning and carbonized through a thermal process.

Before carbonization, oxidative stabilization should be applied, and the oxidation mechanism also plays an important role during

carbonization. Thus, the understanding of the oxidation mechanism is an essential part of the production of CNF. The oxidation

process of polyacrylonitrile was studied and nanofiber webs containing graphene oxide (GO) are obtained to improve the

electrochemical properties of CNF. Structural and morphological characterizations of the webs are carried out by using attenuated

total reflectance Fourier transform infrared spectroscopy and Raman spectroscopy, scanning electron microscopy, atomic force

microscopy and transmission electron microscopy. Mechanical tests are performed with a dynamic mechanical analyzer, and

thermal studies are conducted by using thermogravimetric analysis. Electrochemical impedance spectroscopy, and cyclic

voltammetry are used to investigate capacitive behavior of the products. The proposed equivalent circuit model was consistent with

charge-transfer processes taking place at interior pores filled with electrolyte.

1616

Introduction
Carbon nanofibers are of great interest because of their chemi-

cal similarity to fullerenes and carbon nanotubes. Carbon nano-

fibers (CNF) have promising electrochemical and mechanical

properties and a potential for a variety of applications; such as

supercapacitor applications, battery applications, and catalyst

support materials. Polyacrylonitrile (PAN) is one of the well-

known precursor for obtaining carbon nanofibers that have

a diameter ranging between nanometers and micrometers

and exhibit a high surface area and a high electrical conduc-

tivity.
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Also, nanofibers can be used with polymeric structures to

generate composite materials to improve the electrochemical

properties of polymeric structures [1-3]. Nanofiber-reinforced

polymeric structures present improved mechanical properties

because of the interaction between nanofibers and the matrix

material [4]. CNF can be used as reinforcing material inside the

polymer composites thanks to their enhanced mechanical and

physical properties [5-7]. The manufacturing of CNF/polymer

composites is challenging and the manufacturing processes

need to be improved to obtain high-performance composite

structures [8].

Oxidative stabilization is a crucial heat-treatment process to

produce carbon fibers from PAN fibers. PAN chains start to

cross-link during this process and the newly composed poly-

meric structure can endure the rigors of high-temperature pro-

cessing [9-11]. Oxidative stabilization is crucial to prevent

melting or fusion of the fibers. Also, it minimizes volatilization

of elemental carbon in the following carbonization step and

maximizes the final carbon yield. Chemistry and mechanisms of

complex oxidative stabilization reactions for PAN were re-

ported [12]. Oxidative stabilization reactions mainly consist of

dehydrogenations and cyclizations, i.e., cyclization of nitrile

groups (C≡N) and crosslinking of chain molecules in the form

of –C=N–C=N–. Moreover, this stabilization process depends

on pyrolysis temperature, heating rate, tension of the fiber, total

stabilization time and dwell time, air flow rate and pre-stabiliza-

tion treatment [13]. Carbonization is the next step in the

process. The carbonization processes can be divided into low-

temperature and high-temperature carbonization, and graphiti-

zation above 2000 °C [14-16]. Carbonization should be con-

ducted under nitrogen environment to prevent burning [17-19].

During the carbonization process, the elimination of other ele-

ments (N2, O2, H2) and structural impurities is accelerated and

the carbon concentration inside the structure is simultaneously

increased.

The most common co-monomers of acrylonitrile in the acrylo-

nitrile copoymers are: vinyl acetate, itaconic acid, methyl

metacrylate and acrylic acid [18-20]. Co-monomers are mainly

used is to improve the processability of acrylonitrile and to de-

crease the cyclization temperature [21,22]. For instance, the

glass-transition temperature (Tg) of PAN homopolymer is

reduced by the addition of a co-monomer to form P(AN-co-

AA), enhancing cyclization reactions and the formation of ther-

mally stable aromatic ladder polymer chains [18]. Acidic

co-monomers (itaconic acid and acrylic acid) improve the

hydrophilicity of the PAN precursor but also catalyze the cycli-

zation of nitrile groups during the stabilization process by

forming a ladder structure. In our previous studies, copolymers

of AN have been synthesized by free radical polymerization,

and electrospun nanofibers were obtained with different AN

co-polymers as carbon nanofiber precursors [13,18].

Graphene has several desirable features, such as high surface

area, high aspect ratio and other properties comparable to those

of carbon nanotubes. Thus, graphene attracts attention in

science as a new class of material for polymer-based compos-

ites [23]. Graphene oxide has been synthesized from graphite

with strong acids and oxidants [24,25]. The oxidation level can

be adjusted by modifying reaction conditions and systems, and

the type of precursor. Moreover, oxygen functional groups

increase wettability and capacitance, but not all of the surface

oxygen groups have the same effect. For enhancing the capaci-

tance of a supercapacitor, an active electrode material with

oxygen functional groups is necessary [24]. Furthermore, the

PAN cyclization temperature can be decreased in the presence

of graphene oxide. The functional groups of graphene oxide

initiate the PAN cyclization at lower temperature via ionic

mechanisms. In addition, the performance of an electrochemi-

cal capacitor prepared from carbon nanotubes/carbon nanofiber

(CNT/CNF) composites is influenced by the oxidation level. In-

creasing the O/C ratio improves the capacitance of CNT/CNF

composites. According to literature, a flexible and free standing

composite paper comprising carbon nanofibers and graphene

shows a higher specific capacitance than pure carbon nano-

fibers. Thus, the CNF/graphene combination can be a good

candidate for a high-performance flexible capacitor applica-

tions [26].

In this paper, graphene oxide was used as an additive to

increase the capacitance of oxidized PAN-based nanofibers.

Further, GO addition was studied to improve electrochemical

properties of CNF webs.

Experimental
Materials
Polyacrylonitrile (PAN, Mw 150,000 g/mol) was purchased

from Sigma-Aldrich and was used as received. Dimethylform-

amide (DMF; Sigma-Aldrich), sulfuric acid (H2SO4, 98%;

Sigma-Aldrich), acetonitrile (ACN; Sigma) were chosen as sol-

vents and were used without any further purification. Graphene

oxide (GO, purity 99%) was purchased from Grafen Chemical

Industries and used as received. The properties of the few-lay-

ered GO are: GO consists of a few layers (1–10 layers) and the

average thickness of the layer is smaller than 4 nm. The specif-

ic surface area of GO is larger than 550 m2/g. GO consists of

68.44 atom % C, 30.92 atom % O and 0.63 atom % S.

For electrospinning, PAN dissolved in DMF and spinning solu-

tion was prepared. The solution was fed into a 2 mL syringe and

under high voltage (around 15 kV) DMF evaporated and
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nanofiber formation was achieved on the collector. Those nano-

fibers stacked and formed a web. Different collectors were used

to fabricate PAN-based nanofiber webs via electrospinning.

Before the electrospinning process, GO was also added to the

PAN/DMF solution to obtain PAN/GO nanofibers. After elec-

trospinning of the PAN/GO nanofibers, the PAN/GO samples

underwent the same heat treatment (oxidation and carboniza-

tion) as the PAN nanofibers. Rotating and fixed collectors were

used to vary the samples and investigate physical and chemical

changes.

Electrospinning solutions were prepared at different PAN/DMF

ratios. Electrospinning parameters (e.g., viscosity, voltage,

feeding ratio) effect the nanofiber diameter and homogeneity.

Lower viscosity helps to produce finer nanofibers, and an in-

creased polymer weight percentage results in higher viscosities.

Thus it is one of the significant parameters for electrospinning

[27].

In this study, graphene oxide was used as an additive to increase

the capacitance of oxidized PAN-based nanofibers. Thus, the

nanofibers were produced via electrospinning using a mixture

of PAN (10% w/v) and a given amount of GO (at different

weight-to-volume percentages) in DMF. The solutions were

poured into a 2 mL syringe and delivered at a constant flow rate

of 1.0 mL/h (New era, NE-300) to a needle with a blunt tip

connected to a high-voltage power supply (Gamma high voltage

research) producing a voltage of 15 kV. Aligned nanofibers

were deposited on the rotating drum collector at 21.50 Hz

rotating frequency at a distance of 15 cm. After producing the

nanofibers, oxidative stabilization was performed at 250 °C for

3 h in air atmosphere and carbonization was performed at

900 °C for 1 h under nitrogen atmosphere.

Characterization
Attenuated total reflectance Fourier transform infrared spectros-

copy (ATR-FTIR) and Raman spectroscopy were used to record

the characteristic peaks of the oxidized and carbonized nano-

fibers. Mechanical properties of nanofiber webs were character-

ized by using a dynamic mechanical analyzer (DMA) (TA

Q800 Dynamic Mechanical Analyser).

Thermal behavior of nanofiber webs was examined with ther-

mogravimetric analysis (TGA, Q 50 from TA instruments). The

structure of the nanofiber webs was characterized by attenuated

total reflectance Fourier transform infrared spectroscopy (ATR-

FTIR) (Perkin Elmer, Spectrum One, with a Universal ATR

attachment with a diamond and ZnSe crystal). The microstruc-

ture of the carbonized nanofiber webs was investigated by

Raman spectroscopy (DXR Raman spectrometer, Thermo

Scientific, at 532 nm). The sample morphologies were charac-

terized by scanning electron microscopy (Gemini Leo Supra 35

VP) and samples were coated with thin gold film using a sputter

coater to prevent the accumulation of charge on their surface.

Electrochemical performances of nanofibers were analyzed by

using cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS). Electrochemical measurements were per-

formed by using potentiostat 2263 Electrochemical Analyser

(Princeton Applied Research, Tennessee, USA). EIS data were

simulated with the electrical equivalent circuit by ZSimpWin

V.3.10 analysis program (Princeton Applied Research,

Tennessee, USA). The surface topography of the fibers was ob-

served by atomic force microscopy (AFM) with Nanosurf Easy-

Scan2TM software. AFM analyses were performed with a non-

contact mode by using NCLR-10 model Al-coating silicon tips

with 7 μm thickness, 225 μm length, 38 μm width, 190 kHz

resonance frequency and 48 N/m force constant. Surface mor-

phology of the nanofibers was observed with scanning electron

microscopy (SEM) at Namık Kemal University and transmis-

sion electron microscopy (TEM). Fiber diameters were

measured within electron micrographs from a population be-

tween forty and fifty nanofibers taken from each sample and

then the average values were calculated by ImageJ software.

Results and Discussion
Oxidative stabilization of PAN nanofibers
Oxidative stabilization is a complex process and should be

applied to the webs before carbonization. The mechanism plays

an important role in the carbonization. Therefore, a detailed

understanding of the mechanism of oxidation has an important

part in the success of the production of CNF.

Nanofiber webs are produced with different collectors to

achieve fiber alignment. The results for webs of aligned and

non-aligned nanofibers are compared. A rotating collector that

produces aligned nanofiber webs reduces the nanofiber diame-

ter as shown in SEM images in Figure 1. Non-aligned PAN

nanofibers diameter are in the range of 371.6 ± 36 nm; whereas

the aligned PAN nanofibers diameter are decreased to

330.8 ± 27 nm. The stress–strain curve obtained by DMA

shows that fiber alignment increases the mechanical properties

of the web. A directional orientation of the fibers definitely and

expectedly has the effect of increasing modulus and reducing

the strain to break [18,28,29]. Aligned nanofibers has a greater

modulus than non-aligned ones [18,28,30-32]. Also, our

previous work [33] exhaustively explains the effects of rotating

collector and fixed collector. Rotational movement helps to

orient the nanofibers and obtain thinner fibers compared to the

fixed collector. Webs of aligned nanofibers present superior

mechanical properties in terms of modulus. Figure 2 shows

stress–strain plots of aligned and non-aligned PAN nanofibers.
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Figure 1: a) Web of aligned PAN nanofibers produced with rotating collector and b) web of PAN nanofibers produced with fixed collector.

According to the plots, the elastic modulus of a PAN-nanofiber

web increases with fiber orientation from 63 MPa to 159 MPa.

Thus, rotating collectors were chosen to obtain nanofibers with

better mechanical and morphological properties.

Figure 2: Stress–strain plots of webs of aligned and non-aligned PAN
nanofibers.

ATR-FTIR spectroscopy results
The oxidation process including conversions of C≡N bonds to

C=N and also dehydrogenation leading to aromatic and supra-

molecular structures was studied [34]. Structural changes during

the oxidation process can be tentatively expressed as in

Figure 3, and the oxidation route was explained through cycli-

zation and dehydrogenation reactions. Peaks around 2243 cm−1

represent the absorption of C≡N triple bond [17,22,35]. Those

around 1590 cm−1 can be assigned to a combined effect of

C=N, C=C, N–H groups [12,15,17,35,36], and the broad peak at

around 3000 cm−1 is connected to C–H bonds [37,38]. ATR-

FTIR results are given in Figure 4. The oxidation temperature is

too low to eliminate all C≡N triple bonds. This means that

cyclization reactions cannot be completed. A schematic descrip-

tion is given in Figure 3. However, the intensity of the C≡N

triple bonds is decreased after oxidation [12,36,39]. A weight

loss is not observed during the cyclization process, contrary to

dehydrogenation [37]. During the dehydrogenation a new peak

appears at around 800 cm−1 because of the formation of =C−H

bonds [38,40,41]. In the presence of oxygen =C−H groups were

created during the aromatization by the removal of H atoms in

the form of H2O [38]. Also, an increased temperature increases

the intensity of the =C−H peak.

The oxidation ratio can be calculated from the absorbance ratio

obtained from ATR-FTIR results [12,39,40]. The inset in

Figure 4 represents the oxidation ratio as a function of the oxi-

dation temperature by evaluating the ratio between the mixed

signals of C=N, C=C, N–H groups and the signal of C≡N triple

bonds. At oxidation temperatures of 250 °C and 270 °C, the ox-

idation ratios are quite close contrary to that of the oxidation at

235 °C. During the oxidation process, C≡N triple bonds are

damaged and C=N double bonds are created. Thus the ratios of

these peaks from ATR-FTIR can help to calculate the oxidation

ratio. GO-containing samples are marked in the inset Figure 4.

At 250 °C, the addition of GO to the PAN nanofiber web causes

a deviation in the oxidation ratio values compared to pure PAN.

GO acts via ionic mechanism in the oxidation step and im-

proves the conversion of C≡N bonds to C=N, C=C and N–H

[35,42,43].
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Figure 3: Schematic description of carbonization process starting from polyacrylonitrile.

Figure 4: ATR-FTIR results of oxidized webs with GO and of the carbon nanofiber web. The inset represents the oxidation ratio of the webs as a
function of the temperature according to absorbance ratios of (C=N, C=C, N–H)/C≡N and the newly occurred =C−H/C≡N ratio. (C=N, C=C, N–H)
represents the mixture of the corresponding absorbances.

During the stabilization process, the cyclization of the nitrile

groups and cross-linking of the chain molecules is followed by

dehydrogenation [38]. This reaction promotes the creation of a

ladder structure from the linear molecule [36,38,44]. Ladder-

structure polymers are thermally more stable than linear poly-

mers, because the structure prevents them from melting at

higher temperatures [38,45]. Weight loss starts at around

100 °C with the removal of moisture and continues with in-
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Figure 5: TGA curves representing the experimental conditions of oxidation for 300 min of different oxidation temperatures for webs of aligned PAN
nanofibers (under air). The inset represents the TGA of PAN polymer under inert (nitrogen) atmosphere.

creasing duration and temperature. However, it is not much sig-

nificant for the oxidation process [12,18,46]. Weight loss as a

function of temperature and time was recorded with TGA.

There is a region in which there is no weight loss, and this

region can be explained by cyclization reactions [37]. Both

TGA curves (in N2 and in O2 atmosphere) exhibit the same

trend. However, the region with no weight loss is shifted in N2

atmosphere because of N2 suppresses the reactions compared to

O2, according to TGA measurements, the PAN polymer stays

stable up to ca. 300 °C. This stable phase can be explained by

cyclization reactions [37]. Above this temperature, weight loss

begins to increase because of the dehydrogenation reactions

[37,38]. In O2 atmosphere, weight loss starts above 100 °C,

after a stable cyclization phase, dehydrogenation in O2 atmo-

sphere is observed between 100 and 140 °C. In N2 atmosphere

this temperature shifts to 300–400 °C. The reaction propagation

is faster under O2 atmosphere compared to N2.

The same conditions as in the oxidation procedure were applied

during TGA. A 5 °C/min ramp was applied till the samples

reached the desired oxidation temperature (235, 250, 270 and

300 °C). After the samples reached the oxidation temperature

TGA was carried out for further 300 minutes. It can be seen

from the TGA curves that the 300 °C/300 min oxidation process

shows the highest weight loss. For the TGA measurement of

nanofiber webs in oxygen environment the curves are similar to

those of the PAN polymer. However, the temperature ranges are

shifted because of the presence of oxygen. In the presence of

reactive atmospheres, such as air or oxygen, the oxidation

process is faster at lower temperatures [47]. At temperatures

above 100 °C weight loss was recorded. A sudden reduction of

weight was recorded during dehydrogenation reactions in which

hydrogen and oxygen formed H2O, which was released from

the structure [37,38]. Figure 5 shows that at for the oxidation

temperature of 300 °C a weight loss of around 14.5% is ob-

served after 300 min. During the 300 min of oxidation, the

weight loss varies between 4.9% and 14.5%, for increased tem-

peratures (235, 250 and 270 °C). For 300 °C the weight loss is

recorded as 14.5%. The energy applied to the sample depends

on temperature and duration. Together they promote bond

breakage, thus the weight loss of the samples increases with

temperature. Also, using a co-polymer instead of a homopoly-

mer can strengthen the fiber structure and lead to a higher heat

stability [13,18]. A dramatic weight loss (around 45%) is re-

corded during the low-temperature carbonization process with

increasing elimination of other elements (N,H,O) [38,48].
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Electrochemical impedance measurements
of oxidized PAN nanofibers
Electrochemical properties of oxidized PAN nanofibers were

analyzed by using electrochemical impedance spectroscopy

(EIS). EIS measurements were performed in 0.5 M H2SO4 elec-

trolyte in the frequency range of 100 mHz to 100 kHz at open

circuit potential with an AC perturbation of 10 mV. A standard

three-electrode cell was used to study the electrochemical

performances of PAN nanofibers which were stabilized at

250 °C for 1 h in air. Oxidized PAN nanofiber mats were used

as free standing working electrodes, a platinum wire was used

as counter electrode, and a silver wire was used as pseudo-refer-

ence electrode. EIS data were simulated with electrical equiva-

lent circuit by using the ZSimpWin V.3.10 analysis program.

Experimental and calculated measurements were fitted by

equivalent circuit modelling. EIS plots with measured and

calculated data are shown in Figure 6. An excellent agreement

between experimental results and simulation was found with

χ2 ≈ 5·10−4 (χ2 is function defined as the sum of the squares of

the residuals). Rs is the ohmic resistance of the solution, Rct

represents the charge-transfer resistance between nanofiber

electrodes and electrolyte interface and Qdl (constant phase ele-

ment (CPE)) is the double-layer CPE, a frequency-dependent

element.

The Nyquist plot in Figure 6a consists of a semicircle related to

the electron-transfer process. The charge-transfer resistance

(Rct) can be calculated from measuring the diameter of the

semicircle. According to the Bode phase plot in Figure 6b, the

phase angle of the sample was 10° around 80 Hz. In the Bode

magnitude plot, the absolute values of impedance are plotted as

a function of the frequency. The impedance values between

low-frequency region and high-frequency region do not change

drastically compared to the GO-containing PAN nanofibers (see

below in Figure 14). Addition of GO to PAN nanofibers

changes the homogeneity of the electrode. Thus, the penetra-

tion of electrolyte ions penetration varies with frequency.

The values of Rs, Rct and Qdl were determined as 552 Ω, 340 Ω

and 2·10−2 µS·sn according to the Randles circuit model for

non-ideal electrodes described as Rs(QdlRct) in short hand. The

CPE (Qdl) can also be attributed to the double-layer capaci-

tance (Cdl) in the non-homogeneous systems [49]. Double-layer

capacitance occurs at the electrode/electrolyte interface of mate-

rials with especially high surface area. The electrical charge is

stored based on the separation of charged species in an elec-

trolytic double layer across the interface of electrode/solution.

This capacitance value is proportional to the surface area of the

electrode and inversely proportional to the thickness of the

double layer [50].

The impedance of the non-ideal electrode is defined by

(1)

where j is the imaginary unit √−1, ω is the angular frequency,

and TCPE and n are frequency-independent experimental con-

stants; TCPE relates to the size, thickness, and materials proper-

ties, while n relates to the degree of energy dissipation and

measures the arc depression, which is frequency-independent.

Moreover, n is a parameter describing the deviation from an

ideal capacitor and arises from the slope of the log Z versus log

f plot. The values for n vary from 0 to 1, and n = 1 describes an

ideal capacitor, while n = 0 describes the behavior of a resistor.

The n value of oxidized PAN was equal to 0.83.

Figure 6: a) Nyquist plots of webs of oxidized PAN nanofibers. Inset:
Randles circuit model. b) Bode magnitude and Bode phase plots of
PAN nanofiber webs.

Oxidative stabilization of PAN/GO nanofibers
and CNF
The Raman spectroscopic measurements show characteristic

peaks of carbon materials, namely D band and G band at around
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1360 cm−1 and 1580–1600 cm−1, respectively [51,52]

(Figure 7). Oxidation and carbonization contributed to the

conversion of PAN fibers into a graphitic form via fraction of

disordered sp2-hybridized C–C bonds [53]. The ratio of the D

and G bands provides an information about the crystallinity of

the carbonaceous material [52,54]. The G band (1590 cm−1)

represents ordered graphitic crystallites [52], while the D band

around 1350 cm−1 is related to disordered turbostratic struc-

tures [55]. The measured intensity ratio between D band and G

band (R = ID/IG) indicates structurally ordered graphite crystal-

lites [30,54]. The R value of CNF is around 0.9. A lower R

value means a more crystalline material with higher conduc-

tivity [56]. Position and intensity of D and G band demonstrate

the electronic structure and electron–phonon interactions of the

material [51].

Figure 7: Raman spectrum of carbon nanofiber webs.

ATR-FTIR spectroscopy of oxidized PAN/GO
nanofibers
The ATR-FTIR results show a broad OH stretching peak of

GO around 3300 cm−1 [57] and the C–H vibrations of the CH,

CH2 and CH3 structures of oxidized polyacrylonitrile around

2920 cm−1 [38,40]. Through the carbonization process most of

the bonds are damaged and eliminated. The ladder structure of

carbon atoms becomes more dominant and it is not always

possible to follow further structural changes of carbonaceous

materials with FTIR. Also, ATR-FTIR results of carbonized

nanofibers (Figure 4) are not clear not only because of the

changing bond structure of PAN but also because of the black

color of the carbon nanofiber webs. A photo of GO-containing

PAN-based electrospun, oxidized and carbonized nanofibers are

shown in Figure 8. The colors of the nanofibers change from

white to brown after oxidation and then from brown to black

after carbonization.

Figure 8: GO-containing PAN-based electrospun, oxidized and
carbonized nanofibers.

Morphologic studies
The surface of the nanofibers is not smooth and has pores,

which can be related to graphene oxide content. This can be

seen very clearly from the AFM, SEM and TEM images in

Figure 9, Figure 10 and Figure 11. AFM was performed to

observe the topography of nanofibers. Oxidized PAN nano-

fibers formed with GO nanosheets can be seen in AFM image

(Figure 9). The nanofibers have rough surfaces with flaky

shapes attributed to GO. The morphology of GO is also shown

in Figure 10a. Layers of GO can be seen in the SEM image.

Also, some layer edges of GO and the interspaces of the layers

can be observed in the SEM image. GO-containing electrospun

nanofibers are seen in Figure 10b,c. GO nanosheets that are

formed with PAN nanofibers are observed on the structure in

Figure 10b. A rough surface with a kind of joints is presented in

the image. Distance between two nodes in the structure is

around 50 nm calculated by ImageJ Software.

Figure 9: AFM image of GO-containing oxidized PAN nanofiber webs.
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Figure 10: a) SEM image of GO; b) TEM images of GO-containing PAN nanofibers; c) carbon nanofibers.

Figure 11: SEM images of (a) oxidized PAN nanofiber webs and
(b) GO-containing oxidized PAN nanofiber webs with pore distribution
chart.

The morphology of PAN nanofibers with smooth surfaces is

presented in Figure 1 and Figure 11a for comparison with

GO-containing PAN nanofibers. When GO is included into

PAN nanofibers rough surface can be seen. Furthermore, the

porous structure of carbon nanofibers with GO is shown in

Figure 10b,c. Figure 11b represents the porous surface of

oxidized PAN/GO nanofibers and a pore distribution chart was

added on the SEM image. It can be seen from Figure 11 that ad-

dition of GO makes the nanofiber surface porous and these

pores are well distributed on the fibers. The morphological

property of the porous carbon electrodes such as the surface and

pore size distributions are the factor that influences the double-

layer capacitance. Therefore, the pore size distribution of

porous carbons also affect the performance of carbon-based

electrochemical capacitors [58].

According to SEM images (Figure 11b) pore size on the nano-

fibers were measured as 38.5 ± 11 nm. All morphologic charac-

terizations prove the porous structure of GO containing nano-

fibers.

In supercapacitors that use nanoporous electrodes to store large

amounts of charge, ions penetrate into the pores of the elec-

trode. Raymundo-Piñero et al. considered that an adequate pore

size is more important than a high surface area and reported

optimum pore sizes as 0.7 nm and 0.8 nm in aqueous and

organic media, respectively [59]. Graphene oxide shows a high

specific capacitance because of layered graphene sheets [24].

Electrochemical impedance studies of PAN
and GO-containing PAN-based nanofibers
A standard three-electrode cell was used to study electrochemi-

cal performances of nanofibers by using cyclic voltammetry

(CV) and electrochemical impedance spectroscopy (EIS).

Carbonized nanofibers were used as free standing electrodes

whereas oxidized nanofibers were deposited on fluorine-doped

tin oxide (FTO) glass to use as working electrodes. EIS analy-

sis were investigated in 0.1 M NaClO4/ACN electrolyte in a fre-
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Figure 12: Nyquist plots of oxidized PAN and GO-containing oxidized PAN nanofiber webs (inset: Nyquist plots of oxidized nanofiber webs at high
frequencies and Ox.PAN nanofiber webs up to 100 kHz).

quency range of 10 mHz to 100 kHz at open circuit potential

with an AC perturbation of 10 mV. The samples of oxidized

nanofibers are designated as Ox.PAN, Ox.PAN/GO(1) and

Ox.PAN/GO(2) indicating concentration of 0, 1.25 and 2.5%

graphene oxide relative to PAN, respectively.

Nyquist plots in Figure 12 represent a semicircle in the high to

medium frequency range. The inclined line corresponding to

diffusion processes at low frequencies region appears only in

PAN/GO(1). The charge-transfer resistances (Rct) were evalu-

ated by using equivalent circuit modelling. Rct is attributed to

the pore size of the electrodes. The values of Rct of Ox.PAN,

Ox.PAN/GO(1) and Ox.PAN/GO(2) were equal to 1180 kΩ,

119700 kΩ and 182800 kΩ, respectively, Rct increases with GO

content.

According to the Bode phase plots, the sample of Ox.PAN/

GO(1) and Ox.PAN/GO(2) show similar properties while

Ox.PAN behaves differently (Figure 13). After adding GO to

the nanofibers the phase angle increases linearly and exhibits

larger plateau regions. This indicates the capacitive behavior.

The Bode magnitude plots exhibit two different shapes for high

and low frequencies (Figure 14). At high frequencies, the

impedance values of Ox.PAN and Ox.PAN/GO nanofibers do

Figure 13: Bode phase plots of oxidized PAN nanofiber webs and
GO-containing oxidized PAN nanofiber webs.

not change significantly and this is attributed to the disability of

the electrolyte ions to penetrate into the electrode. The solution

resistance (Rs) of the electrochemical system changes very

slightly, which can be seen in Table 1. On the other hand, the

impedance of Ox.PAN/GO nanofibers is very high due to the

penetration of ions into the electrode surfaces at low frequen-

cies [24].
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Table 1: Fitting values for the equivalent circuit elements by simulation of the impedance spectra of oxidized nanofibers.

sample Rs (kΩ) Qel (CPE) (µS·sn) n Cdl (µF) Rct (kΩ) χ2 (10−3)

Ox.PANa 21.80 0.060 0.79 — 1180 5.54
Ox.PAN/GO(1) 9.55 0.024 0.78 0.190 119700 4.72
Ox.PAN/GO(2) 17.05 0.025 0.90 0.600 182800 3.99

aAn Rs(QelRct) equivalent circuit model has shown a better correlation with this sample.

Figure 14: Bode magnitude plots of oxidized PAN nanofiber webs and
GO-containing oxidized PAN nanofiber webs (inset shows the electro-
chemical equivalent circuit).

The parameters of the simulated equivalent circuit models

obtained from the Nyquist and Bode phase plots are given in

Table 1. Fitting with equivalent circuit modelling exhibited a

good correlation between the calculated and experimental

values with χ2 values around 10−3. The result shows two differ-

ent models. Rs(QelRct) circuit modeling was compatible with

Ox.PAN, while a Rs(Qel(RctCdl)) circuit modelling was chosen

for Ox.PAN/GO(1) and Ox.PAN/GO(2).

Rs corresponds to the solution resistance, Rct corrresponds to the

charge-transfer resistance of electrode surface and solution

interface, and Qel corrresponds to the combined capacitance of

nanofibers and FTO glass electrode. Rct and Cdl change linearly

with the amount of GO and the values of n of Ox.PAN and

Ox.PAN/GO(1) are is very similar (Table 1). After increasing

the GO content in the nanofibers, the value of n increases and

exhibits nearly ideal capacitive behavior for Ox.PAN/GO(2).

The Cdl value of Ox.PAN/GO(2) is 3.16 times higher than that

of Ox.PAN/GO(1). A CPE is generally used in heterogeneous

systems associated with non-ideal capacitive behavior resulting

from electrode roughness, inhomogeneous conductivity, or even

diffusion [60]. CPE is also related to the composition of the

nanofibers. The proposed model is consistent with charge-

transfer processes taking place at interior pores filled with elec-

trolyte.

Heat treatment was applied to Ox.PAN and Ox.PAN/GO nano-

fibers to produce carbon nanofibers (CNF) and GO-containing

carbon nanofibers (CNF/GO). CNF and CNF/GO, which

include very small amount of graphene oxide (1.25% relative to

PAN) were used as free standing working electrodes during CV.

Figure 15 shows the CV of CNF and CNF/GO electrodes at a

scan rate of 50 mV·s−1 between −0.5 V and 1.2 V in 0.1 M

NaClO4/ACN electrolyte. It can be seen that CNF/GO elec-

trode exhibits a larger CV area than the CNF electrode, indicat-

ing a higher specific capacitance compared to CNF. Adding GO

increases the O/C ratio, which could result in an enhanced

capacitive behavior of the carbon nanofibers.

Figure 15: Cyclic voltammograms of carbon nanofibers and GO-con-
taining carbon nanofiber webs at scan rate of 50 mV·s−1 (PAN-based
nanofibers with and without GO, first oxidized then carbonized).

Conclusion
In this paper, CNF webs and GO-containing CNF webs were

successfully fabricated. Nanofiber webs were fabricated via

electrospinning. Nanofiber alignment was achieved with a

rotating collector, which also had the definite and expected

effect of increasing modulus and reducing the strain to break of

the webs. Different oxidation temperatures were studied and
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250 °C was selected as optimum temperature for this study. In-

creased the oxidation temperature increases the oxidation level

of the sample. However, thermal oxidation between 200 and

300 °C was not enough to eliminate all C≡N triple bonds.

GO-containing oxidized nanofibers have a rough surface.

Nanopores of around 38.5 ± 11 nm pore size on the nanofiber

surface can help to store large amounts of charge. GO addition

into PAN makes a significant change on the EIS results, i.e., the

capacitive behavior increases with the increase in the Cdl value

of GO-containing oxidized nanofibers. The Cdl value of

Ox.PAN/GO(2) is the highest as being 0.600 µF. Individual lay-

ered sheets of GO with high surface area are supposedly

exposed to the electrolyte, which can result in the increase of

the double layer capacitance. GO functional groups enhance the

capacitance performance of CNF webs. As a result, CNF/GO

can be a potential candidate for capacitive applications.
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Abstract
Multishell fullerenes, known as carbon nano-onions (CNOs), have emerged as a platform for bioimaging because of their cell-pene-

tration properties and minimal systemic toxicity. Here, we describe the covalent functionalization of CNOs with a π-extended

distyryl-substituted boron dipyrromethene (BODIPY) dye with on/off modulated fluorescence emission activated by an acidic envi-

ronment. The switching properties are linked to the photoinduced electron transfer (PET) characteristics of the dimethylamino func-

tionalities attached to the BODIPY core. The on/off emission of the fluorescent CNOs is fast and reversible both in solution and in

vitro, making this nanomaterial suitable as pH-dependent probes for diagnostic applications.

1878

Introduction
Nanomaterial-based probes (nano-probes) that are able to

interact with disease markers or capable of sensing physiologi-

cal changes in cells are widely used in diagnostic applications.

In particular, fluorescent nano-probes are a relatively inexpen-

sive platform compared to other biosensors and are capable of

generating an optical output in response to a specific stimulus,

making this technique operationally simple. Such stimuli can be

a disease biomarker or changes in the cell chemical environ-

ment. In particular, intracellular pH plays a significant role in

the physiological cellular activity indicating their health. Thus,

a change in H+ can indicate physiological changes in the cells

and tissues. Some of these events include cell proliferation and

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:silvia.giordani@iit.it
https://doi.org/10.3762%2Fbjnano.8.188
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Scheme 1: Synthesis of BODIPY derivatives 2 and 3. i) 2,4-dimethylpyrrole, TFA, DCM, DIPEA, BF3OEt2; ii) 4-(N,N-dimethylamino)benzaldehyde,
toluene, piperidine, glacial acetic acid, Mg(ClO4)2, Dean–Stark condenser.

apoptosis [1], ion transport [2] and other cellular process and

diseases such as cancer [3-5], Parkinson's, and Alzheimer's

disease [6]. Despite the large number of nanotechnology plat-

forms available to date for sensing applications [7], multishell

fullerenes, known as carbon nano-onions (CNOs) [8,9], pre-

pared by thermal annealing of detonation nanodiamonds

(d-NDs) [10], are an attractive class of carbon nanomaterials

(CNMs) for imaging, diagnostic and therapeutic applications,

due to their unique properties. They exhibit low density and a

high surface area to volume ratio [11,12] and have a spherical

shape [13]. Moreover, they can be chemically functionalized,

either covalently through chemical reaction [14] (e.g. oxidation

[15,16]) or through adsorption of organic molecules by π–π

stacking [17]. Our recent reports have shown that CNOs exhib-

it weak inflammatory potential and low cytotoxicity [16], and

they are readily internalized by cancer cells and localize in the

lysosomes [18,19]. Moreover, our in vivo studies performed on

zebrafish (Danio Rerio) during the development stage demon-

strated their biocompatibility [20]. We have previously shown

that the pH-dependent switching ability of a dye is preserved

when attached to CNOs [21] and on single-wall carbon nano-

tubes, [22] both in solution and in vitro. Thus, CNOs are suit-

able nanomaterials for biosensing applications. We exploited

the photoinduced electron transfer (PET) and internal charge

transfer (ICT) donor characteristics of the dimethylamino func-

tionalities attached to a π-extended distyryl-substituted boron

dipyrromethene (BODIPY) dye [23,24] to obtain a pH-sensi-

tive nano-probe. Hence, CNOs grafted with BODIPY 3 mole-

cules (fluo-CNOs) led to the development of a nanosensor

which can be “turned on” in an acidic environment. Remark-

ably, the fluo-CNOs maintained the switching properties upon

cell internalization, as they were “switched-on” in response to

acidic pH. In vitro experiments on HeLa cells showed excellent

cellular uptake and low toxicity of these fluorescent probes. Our

findings pave the way for the development of fluorescent on/off

modulated diagnostic nanomaterials.

Results and Discussion
Synthetic procedures
The synthetic procedures are shown in Scheme 1 and Scheme 2.

Compounds 1 and 2 were synthetized following a previously re-

ported procedure [25,26]. The condensation with dimethyl-

aminobenzaldehyde led to the NIR-BODIPY derivative 3. The

surface functionalization of 5 nm pristine CNOs (p-CNOs),

synthetized by thermal annealing of d-NDs, was obtained by an

oxidation process using a 3 M solution of nitric acid under

reflux condition. The oxidation was performed directly on the

sp2 carbon present on the p-CNOs surface, leading to the

introduction of carboxylic acid groups. The highly functionali-

zed oxidized CNOs (oxi-CNOs) were then grafted with

BODIPY 3 molecules through an ester bond using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) as the coupling

agent at room temperature for 20 h (Scheme 2) to obtain fluo-

CNOs.

BODIPY
Compound 1 was synthetized from 3,5-dimethylphenol

following a published procedure [25]. 3,5-dimethylphenol

(46.5 g, 0.38 mol) and KOH (39 g, 0.70 mol) were dissolved in

water (150 mL). CHCl3 (60 mL, 0.34 mol) was added drop wise

with a dropping funnel and the reaction mixture was left to react

for 24 h in total. The next day the brown reaction mixture was

transferred in a separation funnel and the chloroform layer was

separated from the aqueous one. The aqueous layer was then

poured into a H2SO4 solution and a white precipitate formed.

The precipitate was filtered and washed with fresh chloroform

until the total removal of impurities was reached (4.5 g, 8%).
1H NMR (400 MHz, DMSO-d6) δ 2.49 (s, 6H), 6.52 (s, 2H),
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Scheme 2: Procedure for the preparation of carboxy-functionalized oxi-CNO and fluorescently labelled fluo-CNO. i) Nitric acid, reflux, 48 h; ii) EDC,
NHS, DMAP, 3, dry DMF, N2, RT, 20 h.

10.28 (s, 1H), 10.32 (s, 1H). See Supporting Information File 1,

Figure S1.

Compound 2 was synthetized according to a previously re-

ported procedure [26]. 706 mg of 4-hydroxy-2,6-dimethylbenz-

aldehyde was dissolved in a degassed solution of EtOH (20 mL)

and dichloromethane (DCM) (280 mL). 0.974 mL (9.4 mmol)

of 2,4-dimethylpyrrole was added and the condensation was

initiated with few drops of trifluoroacetic acid (TFA). The reac-

tion mixture was stirred at RT for 16 h in the dark. Tetrachloro-

1,4-benzoquinone (1144 mg/7.85 mmol) was added, followed

by stirring for 30 min. The solvents were then removed under

vacuum and the dark residue was redissolved in 150 mL of

DCM. N,N-diisopropylethylamine (DIPEA) (4.9 mL) was

added, and after 30 min, boron trifluoride diethyl etherate

(BF3OEt2) (5.2 mL) was added. The mixture was stirred for 3 h.

The crude was eluted on a silica plug using DCM before purifi-

cation by column chromatography (SiO2, DCM/hexane 50:50,

increasing amount of DCM) to obtain a red powder (850 mg,

49%). 1H NMR (400 MHz, chloroform-d) δ 1.43 (s, 6H), 2.08

(s, 6H), 2.56 (s, 6H), 4.78 (s, 1H), 5.97 (s, 2H), 6.63 (s, 2H).

See Supporting Information File 1, Figure S2.

BODIPY 3 was synthesized by dissolving 220 mg of 2

(0.6 mmol) and 4-(N,N-dimethylamino)benzaldehyde (1.34 g,

0.009 mol) in 50 mL of dry toluene and deoxygenated by
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Figure 1: Emission spectra of BODIPY 3 (blue line: Excitation at 680 nm; emission at 737 nm) and BODIPY 4 (red line: Excitation at 600 nm; emis-
sion at 637 nm). Inset: absorption spectra of BODIPY 3 (blue line) and BODIPY 4 (red line) (solvent: chloroform). BODIPY 4 was protonated upon ad-
dition of H+ in the solution.

purging with di-nitrogen (N2). Piperidine (2.4 mL), glacial

acetic acid (2.9 mL) and a catalytic amount of Mg(ClO4)2 were

added and the reaction mixture was refluxed at 150 °C for 27 h

with a Dean–Stark condenser. The crude was eluted on a silica

plug using acetone before purification by chromatography

(SiO2, EtOAc/hexane 2:8, increasing amount of EtOAc). The

pure fractions were distilled, and the pure compound was pre-

cipitated from DCM in hexane to obtain a black powder

(145 mg, 40%). 1H NMR (400 MHz, chloroform-d) δ 1.50 (s,

6H), 2.14 (s, 6H), 3.06 (s, 12H), 4.78 (s, 1H), 6.61 (s, 2H), 6.66

(s, 2H), 6.75 (d, J = 8.4 Hz, 4H), 7.21 (d, J = 16.1 Hz, 2H), 7.56

(d, J = 8.5 Hz, 5H), 7.61 (s, 3H). See Supporting Information

File 1, Figure S3. 13C NMR (101 MHz, DMSO-d6) δ 158.04,

152.38, 151.44, 140.38, 137.26, 136.80, 135.86, 132.44, 129.11,

124.84, 124.50, 117.67, 115.33, 113.93, 112.67, 19.84, 13.65.

See Supporting Information File 1, Figure S4. HRMS-ESI

m/z: [M+H]+ calcd for C39H41N4OBF2, 630.3341; found,

630.3363.

p-CNOs
The synthesis of small, pristine carbon nano-onions (p-CNOs)

was performed by thermal annealing of detonation nanodia-

monds (d-NDs) of 5 nm average particle diameter in a tube

furnace under a positive pressure of helium at 1650 °C.

oxi-CNOs
A dispersion of p-CNOs (50 mg) was prepared by ultrasonica-

tion (20 min at 37 kHz) in 30 mL of a 3 M solution of nitric

acid (HNO3). The solution was stirred under reflux conditions

for 48 h. The oxi-CNOs were separated from the reaction mix-

ture by centrifugation (15 min at 1800 rpm) and filtered off on a

nylon filter membrane (pore size 0.2 µm) and washed with

dH2O, DMF, methanol and acetone. After drying overnight at

RT, 51.2 mg of oxi-CNOs were obtained as a black powder.

fluo-CNOs
A dispersion of oxi-CNOs (10 mg) was prepared by ultrasonica-

tion (30 min at 37 kHz) in 10 mL of anhydrous DMF. To the

mixture 9.2 mg (0.08 mmol) of NHS, 12 mg (0.01 mmol) of

DMAP and 14 µL of EDC were added consecutively. The reac-

tion mixture was briefly sonicated and after the addition of

4 mg (0.0044 mmol) of BODIPY 3, and the mixture was stirred

at room temperature for 20 h under di-nitrogen atmosphere. The

fluo-CNOs were filtered off thought a nylon membrane (pore

size 0.2 µm) and washed with fresh DMF, THF and MeOH to

remove the unreacted dye and the remaining reagents. 9.7 mg of

fluo-CNOs were recovered as a black powder.

PET and ICT effect
The on/off modulation of the fluo-CNOs emission is linked to

the protonated/non-protonated form of the dimethylamino group

attached to the BODIPY core. Upon protonation of the

dimethylamino functional groups attached to the BODIPY core

(BODIPY 4, Scheme 1), which are capable of introducing pho-

toinduced electron transfer (PET) [27] properties to the fluoro-

phore, the dye molecule exhibited a bright red fluorescence
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with maximum emission centered at 637 nm in chloroform

(Figure 1).

These PET groups were activated in neutral or basic environ-

ment (BODIPY 3, Scheme 1), where the non-protonated form

of BODIPY is present, and a low intensity maximum emission

was observed at 737 nm in chloroform. They were instead deac-

tivated upon protonation (BODIPY 4) resulting in the enhance-

ment of the fluorescence with emission maximum centered at

637 nm (see Figure 1, Table 1).

Table 1: Photophysical data for BODIPY 3 and 4, absorption
maximum (λabs), and emission maximum (λem).

Sample Solvent λexc (nm) λem (nm) λabs (nm)

BODIPY 3 DMSO 680 768 712
BODIPY 3 CHCl3 680 737 696
BODIPY 4 CHCl3 600 637 624

We observed that the on/off process is fast and reversible

making this dye suitable for pH-dependent probes. Interest-

ingly, this BODIPY sample also exhibited an internal charge

transfer (ICT) characteristic resulting in a hypsochromic shift of

the dye emission upon nitrogen protonation at acidic pH

(Figure 1). At an excitation wavelength of 680 nm in chloro-

form, BODIPY 3 showed a maximum emission in the NIR

window at 737 nm. Instead, when the dye was protonated

(BODIPY 4), a maximum emission at 637 nm was recorded

when excited at 600 nm (Figure 1, Table 1). The ICT effect

causes a variation of the intramolecular electron redistribution

of the molecule. Accordingly, the amino groups of the dye

attract electrons due to their electron-withdrawing character-

istic, which led to an emission of BODIPY 3 at longer wave-

lengths (Table 1). This effect is reversed when the amino

groups are protonated (BODIPY 4). Despite the desired NIR

window emission spectrum of BODIPY 3, its quantum yield

(ΦF) in DMSO is very low (ΦF = 0.05), due to the active PET

groups (amino groups), which causes a pH-dependent

quenching of the fluorescent dyes. Overall, the non-protonated

form of the dye (BODIPY 3) is the switched-off form while the

protonated form (BODIPY 4) is the switched-on form. The suc-

cessful functionalization of CNOs with BODIPY 3 was con-

firmed by photoemission studies. Upon photoexcitation at

680 nm, fluo-CNOs-1a (Figure 2) exhibited a maximum emis-

sion (λem) at 768 nm, while fluo-CNOs-1b had a λem of 633

upon photoexcitation of 600 nm in DMSO. Hence, the ICT

characteristics of the dye are preserved on the CNOs.

Characterization of CNOs
Oxi- and fluo-CNOs were characterized by thermogravimetric

analysis (TGA) and Raman spectroscopy to prove the success-

ful surface functionalization of the CNOs. The high degree of

surface functionalization of the oxi-CNOs and the successful

attachment of the dye molecules on the oxi-CNOs was ob-

served by TGA analysis. The TGA spectrum of the oxi-CNOs

performed in air (Figure 3, blue) showed a decrease in decom-

position temperature from 686 °C to 668 °C, with a weight loss

of 7.70% compared to the p-CNOs. From the TGA weight loss

at 450 °C, a total of 122 carboxylic groups per CNO were esti-

mated. The functionalization of oxi-CNOs with the dye mole-

cules causes a further weight loss of the fluo-CNOs of 3.2%

compared to the oxi-CNOs, with a decomposition temperature

of 639 °C. We estimate that around four dye molecules per

CNO were present. A high-resolution TEM image of the

p-CNOs is given in Supporting Information File 1, Figure S5.

The Raman spectra of p-, oxi- and fluo-CNOs showed the

D-band (1320 cm−1) and the G-band (1580 cm−1) typical for

CNOs [28]. The D-band at 1320 cm−1 refers to the defects

present on the outer graphitic layer and is due to the presence of

sp3-hybridized carbons. The G-band at around 1580 cm−1 corre-

sponds to the E2g mode of sp2-hybridized carbon frameworks.

As shown in Figure 4, the D/G ratio increased in the oxi-CNOs

compared to the p-CNOs due to the presence of defects on the

CNO outer layer created by the oxidation process, confirming

the introduction of carboxylic groups. Fluo-CNOs did not show

any significant change in the ratio between the D and G bands,

as the sample was excited with a built-in 632 nm laser which

can alter the measurements due to background signal.

Dynamic light scattering (DLS) was carried out to determine

the hydrodynamic radius of the dispersed CNOs (Table 2,

Figure 5). DLS experiments were performed on CNOs samples

dispersed in 0.01 M PBS to partially mimic the biological envi-

ronment. The oxi-CNOs were found to have an effective hydro-

dynamic diameter of 274 ± 16 nm, while the fluo-CNOs have

an average diameter of 357 ± 32 nm. The zeta potential changed

from −45 ± 5 mV for the oxi-CNOs to −35.9 ± 1 mV for the

fluo-CNOs, confirming the functionalization of the oxi-CNOs

with the dye molecules (Table 2).

Cytotoxicity studies
The possible adverse effects of fluo-CNOs on HeLa cells were

tested by using a colorimetric assay (WST1). Cells were

exposed to different concentrations of fluo-CNOs (1, 2, 5, 10

and 20 μg mL−1) for different time periods (12, 24, 48 and

72 h). Cells treated with only cell culture medium were used as

a control. The cell viability percentage was above 80%,

showing that CNOs exhibited moderate toxicity to the cells at

the tested concentrations (Figure 6). The observed high viability

of the HeLa cells treated with CNOs demonstrated their suit-

ability for application as intracellular sensors.
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Figure 2: A) Protonated (fluo-CNOs-1a) and non-protonated (fluo-CNOs-1b) forms of fluo-CNOs. B) Emission spectra of fluo-CNOs-1a (blue line: Ex-
citation at 680 nm; emission at 768 nm) and fluo-CNOs-1b (red line: Excitation at 600 nm; emission at 633 nm) in DMSO.

Figure 3: Thermogravimetric analysis (TGA) spectra of the functionalized CNOs. TGA (solid lines) and the corresponding weight loss derivatives
(dotted lines) of p-CNOs (black), oxi-CNOs (blue) and fluo-CNOs (red). All experiments were run in air at a temperature rate of 10 °C min−1.
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Figure 4: Raman spectra of the functionalized CNOs. The Raman
spectra are normalized to the G-band at 1580 cm−1 and the ratios of
the D-band to the G-band intensities are indicated.

Table 2: Effective hydrodynamic diameter (0.01 M PBS) obtained from
dynamic light scattering (DLS) measurements and zeta potential
(phosphate buffer) of oxi-CNOs and fluo-CNOs at a concentration of
5 µg mL−1 in PBS.

Sample Effective hydrodynamic
diameter (nm)

Zeta potential
(mV)

oxi-CNOs 274 ± 16 −45 ± 5 mV
fluo-CNOs 357 ± 32 −35.9 ± 1 mV

Figure 5: Effective hydrodynamic diameter of oxi-CNOs (black line)
and fluo-CNOs (red line) in PBS at a concentration of 5 µg mL−1.

Confocal imaging
Confocal imaging was performed on human cervical carcinoma

(HeLa) cells treated with fluo-CNOs, in order to confirm the

preservation of the PET and ICT characteristics of the dye at-

tached to CNOs after cell internalization, hence the possible use

of fluo-CNOs as pH-activated fluorescent probes. HeLa cells

were incubated with fluo-CNOs (20 µg mL−1) and observed by

confocal microscopy at different pH values in PBS to demon-

Figure 6: Cellular viability of HeLa cells treated with different concen-
trations (1, 2, 5, 10 and 20 µg mL−1) of fluo-CNOs for 12, 24, 28 and
72 h in DMEM (pH 7.4), revealed by the WST 1 assay. Cell viability
(%) was evaluated for the CNO-treated samples against a non-treated
control. As a positive control, the cells were incubated with 5% DMSO
(showing a viability decrease of ca. 45%). Data are expressed as
mean ± standard error as calculated from three separate experiments.

strate the activation of the fluorescent emission in acidic envi-

ronment. After the fixation, the nuclei were stained with a blue

fluorescent dye (Hoechst 33232). Bright-field transmission

images after fluo-CNO treatment confirmed that the HeLa cells

were viable throughout all the experiments. From the fluores-

cence microscopy images (Figure 7), it was observed that cells

treated with fluo-CNOs and maintained at a physiological pH

(7.4) for 1 h exhibited no detectable red fluorescence signal

(Figure 7A).

Successively, when the cells were incubated with acidic PBS (at

pH 4.5), a strong red fluorescence signal was clearly observed

in the intracellular region (Figure 7B). The overlay of fluores-

cence and bright-field images showed that fluo-CNOs were suc-

cessfully internalized by cells and were distributed throughout

the cytoplasm. Remarkably the cellular uptake of the fluo-

CNOs was clearly observed soon after the incubation, as shown

by the presence of CNOs inside the cell after 2 h (Figure 8A).

After 12 and 48 h of incubation (Figure 8B,C), a progressive

accumulation of fluo-CNOs was observed during the cell prolif-

eration. Additionally, the efficient uptake was supported by a

three dimensional reconstruction of cells treated with CNOs

(Figure 9).

Finally, we demonstrated that the on/off fluorescent emission

properties of the fluo-CNOs was reversible, as the intracellular

fluorescence completely disappeared after treatment in a basic

buffer (at pH 8.5) for 1 h (data not shown). Our results report
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Figure 7: Confocal fluorescence images of HeLa cells treated with 20 μg mL−1 of fluo-CNOs. (A) PBS for 1 h, pH 7.4; (B) acid buffer for 1 h, pH 4.5;
Scale bars = 20 μm.

Figure 8: Cellular uptake and localization of fluo-CNOs in HeLa cells in acidic conditions (PBS, pH 4.5) observed by confocal fluorescence microsco-
py after incubation for 2 h (A), 12 h (B) and 48 h (C), respectively. Scale bars = 20 μm.
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Figure 9: Three-dimensional reconstruction by confocal microscopy of
cells incubated for 12 h with 20 µg mL−1 of fluo-CNOs in DMEM, and
then for 1 h in acidic PBS (pH 4.5) and stained with Hoechst 33342.

that CNOs exhibit no fluorescence in neutral and basic environ-

ment (pH ≥ 7.0) and bright red fluorescence in acidic condition

(pH ≤ 5.0). We proved that fluo-CNOs possess unique

pH-switchable properties at acidic (pH 4.5), neutral (pH 7.4)

and basic (pH 8.5) pH and can be potentially used as an intra-

cellular pH-sensing nanoprobe.

Conclusion
In summary, pH-sensitive BODIPY–CNO conjugates have been

synthesized and characterized. The fluorescent carbon nano-

onions (fluo-CNOs) were readily internalized by HeLa cells

after 2 h of exposure and showed no major toxicity. The ability

to switch the red fluorescence using pH control was demon-

strated both in solution and in vitro, upon modification of the

environmental pH, which resulted in an intracellular pH change.

HeLa cells treated with fluo-CNOs exhibited no fluorescence at

neutral and basic environment (≥7.0) and a bright red fluores-

cence in acidic condition (≤5.0). The on/off process was fast

and reversible, making this nanomaterial suitable as a pH-sensi-

tive probe for diagnostic applications.

Experimental
Materials
All solvents and reagents were purchased from Sigma-Aldrich

in high purity grade. All reactions and measurements were

carried out under ambient conditions, unless otherwise stated.

Instrumentation
Thermogravimetric analysis (TGA)
TGA was conducted on a TA Q500 analyzer, using a platinum

pan as sample holder. After equilibrating the sample at 30 °C

for 5 min and then at 100 °C for additional 20 min, the measure-

ment was performed in air using a heating rate of 10 °C/min.

The sample weight was monitored until 900 °C.

Raman spectroscopy
Raman spectra were measured on a Horiba Jobin Yvon HR 800

UV LabRam Raman microscope. For the Raman measurements,

the samples were deposited directly on a silicon wafer and

excited with a built-in 632 nm laser.

Absorption and fluorescence spectroscopy
Absorption spectra were recorded on an Agilent Cary 8454

UV–vis diode array spectrophotometer. Fluorescence spectra

were taken on a Horiba Jobin Yvon Fluoromax-4 spectrofluo-

rometer in 1.00 × 1.00 cm quartz glass cells. The CNO samples

were dispersed in DMSO to a final concentration of 1 mg mL−1.

The dispersion of CNOs was sonicated for 15 min at 37 kHz

and further diluted in DMSO to achieve final concentrations of

20, 10 and 5 μg mL−1.

Dynamic light scattering and zeta potential
measurements
DLS measurements were performed on the Malvern Nano-ZS

instrument operating in backscattering (173°) mode and

analyzed with the Zetasizer software, with automatic selection

of the optimal detector position and number of independent

measurements. The CNO samples were dispersed to a final con-

centration of 1 mg mL−1 in PBS 0.01 M (PBS pH 7.4, composi-

tion 0.14 M NaCl, 0.0027 M KCl, 0.010 M PO4
3−) The sam-

ples were sonicated for 10 min at 37 kHz and then diluted in

0.01 M PBS to achieve a final concentration of 5 μg mL−1. The

CNO samples were sonicated for an additional 20 min and the

particle size was measured. Zeta potential measurements were

performed on the same apparatus using the disposable zeta

potential cuvettes.

NMR spectroscopy
NMR spectroscopy was performed on a Bruker Avance III

400 MHz system (400.13 MHz for 1H and 100.62 MHz for 13C)

in CDCl3 or DMSO-d6.

High-resolution mass spectrometry (HRMS)
The accurate mass measurements (HRMS) were performed on a

Waters SYNAPT G2 high-resolution mass spectrometry

instrument equipped with an electrospray ionization interface

and coupled to a Waters ACQUITY UPLC. Electrospray

ionization in positive mode was applied in the mass scan range

50–1200 Da. The analysis was performed on a Waters

ACQUITY UPLC BEH C18 column 100 × 2.1 mm ID (particle

size 1.7 µm) with an in-line filter. The mobile phase was

0.1% formic acid in H2O and 0.1% formic acid in acetonitrile.

Fluorescence quantum yield
Fluorescence quantum yields were determined by the

comparative method published by Williams et al. [29]. The
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integrated fluorescence intensities of a known dye and the

tested compound were compared and the fluorescence

quantum yields were calculated using the following equation:

Φx, where st and x denote

the standard and test respectively, while Φ is the fluorescence

quantum yield. Grad is the gradient obtained from the plot of

integrated fluorescence intensity vs absorbance of the dye at the

excitation wavelength. η represents the refractive index of the

used solvents.

Cell culture
HeLa cells (obtained from a human cervix carcinoma) were

cultured in Dulbecco’s modified Eagle’s medium (DMEM)

(Life Technologies) supplemented with 10% fetal bovine serum

(FBS) (Life Technologies), 100 IU/mL penicillin and 100 μg

mL−1 (Life Technologies) in humidified atmosphere at 37 °C

with 5% CO2. HeLa cells were passaged at 80% confluency and

split 1:10 in fresh media and discontinued after passage 15.

Confocal imaging
Hela cells were plated on chambered coverglass (Thermo Scien-

tific Nunc Lab-Tek II) and cultured overnight in the mainte-

nance medium in humidified atmosphere at 37 °C with

5% CO2. Cells were incubated with 20 μg mL−1 of fluo-CNOs

for 2, 5, 12, 24 and 48 h. As a control, the cells were left

untreated (data not shown). After incubation, the cells were

rinsed three times with phosphate buffered saline (PBS) (0.1 M,

pH 7.4), fixed in a combination of paraformaldehyde (3%) and

PBS and incubated with a solution of Hoechst 33342

(5 μg mL−1) (Sigma) for 20 min. Finally, the cells were rinsed

three times and filled with PBS. Confocal fluorescence imaging

was then carried out with a Nikon A1R laser scanning micro-

scope and a plan apo 20× DIC M and a plan apo VC 60× oil

DIC N2 objective. In order to switch the fluorescence on and

off, the cells were incubated respectively with an acidic PBS

solution (pH 4.5) and a basic PBS solution (pH 8.5) for 1 h

before imaging.

Viability assay
For the cytotoxicity assays, the cells were seeded at 5 × 104

cells in in 96-well plates and incubated overnight at 37 °C in a

5% CO2 humidified environment. Fluo-CNOs were suspended

in DMEM culture medium at final concentrations of 1, 2, 5, 10

and 20 μg mL−1, followed by sonication for 10 min at 37 kHz.

The cells were exposed to the different concentrations of fluo-

CNO for 12, 24, 48 and 72 h. As a positive control for cytotox-

icity, the cells were incubated with 5% DMSO. Cell viability

was determined using the cell proliferation reagent WST-1

(Roche Applied Sciences). After aspiration of the culture medi-

um, a mixture of DMEM and WST1 reagent (1/10 volume) was

added to each well. After 2 h of incubation at 37 °C with

5% CO2, the absorbance at 450 nm was measured in a standard

plate reader (VICTOR3 V Multilabel Readers, PerkinElmer)

(690 nm reference wavelength). The viability of cells in each

well was determined as a relative percentage to the control well.

Data were reported as a mean of three replicates and the error

bars were the results of the standard deviations of these repli-

cates.

Supporting Information
Supporting Information File 1
Additional Experimental Data.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-188-S1.pdf]
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Abstract
Impregnation of expandable graphite (EG) after thermal treatment with an epoxy resin containing surface-active agents (SAAs) en-

hanced the intercalation of epoxy monomer between EG layers and led to further exfoliation of the graphite, resulting in stacks of

few graphene layers, so-called “stacked” graphene (SG). This process enabled electrical conductivity of cured epoxy/SG compos-

ites at lower percolation thresholds, and improved thermo-mechanical properties were measured with either Kevlar, carbon or glass-

fiber-reinforced composites. Several compositions with SAA-modified SG led to higher dynamic moduli especially at high temper-

atures, reflecting the better wetting ability of the modified nanoparticles. The hydrophilic/hydrophobic nature of the SAA dictates

the surface energy balance. More hydrophilic SAAs promoted localization of the SG at the Kevlar/epoxy interface, and morpholo-

gy seems to be driven by thermodynamics, rather than the kinetic effect of viscosity. This effect was less obvious with carbon or

glass fibers, due to the lower surface energy of the carbon fibers or some incompatibility with the glass-fiber sizing. Proper choice

of the surfactant and fine-tuning of the crosslink density at the interphase may provide further enhancements in thermo-mechanical

behavior.
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Introduction
Carbon nanotubes (CNTs) have been suggested as an efficient

conductive filler because of the outstanding electrical proper-

ties and the high aspect ratio. CNT-modified carbon epoxy

composites have been studied, where the CNTs are either

dispersed in the matrix and/or grafted on the carbon fibers [1,2].

However, the cost of CNTs limits intensive industrial applica-

tions. Other treatments have been attempted, among these, oxi-

dation of the carbon fibers, plasma treatment, radiation, modifi-

cation with rubber, silica, carbon or other nanoparticles,

showing interesting enhancements in interlaminar shear strength

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
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(ILSS), fracture toughness, fatigue life and related properties

[2-6].

Graphite nanoplatelets (GNPs) or stacked graphene (SG) have

been developed as a low-cost conductive alternative [7]. GNPs

can be produced by intercalation of the graphitic layers with an

appropriate agent followed by exfoliation of the graphite flakes.

Exfoliation is obtained by rapid heating resulting in conversion

of the intercalant to a gas phase forcing the adjacent graphene

layers to separate. Consequently, formation of worm-like accor-

dion structured materials takes place with partially separated

graphite sheets, i.e., expanded graphite (EG), characterized by a

high expansion ratio of 100–400 cm3/g. For instance, the

increase to about 200 cm3/g caused a thickness increase of

about 80–100 times by a thermal shock at 600 °C [8]. Sonica-

tion in an acetone bath allowed for further exfoliation and sepa-

ration of the loosely connected graphite nanosheets.

Further size reduction of these large (several micrometers long)

structures produces fine particles consisting of a few layers of

graphene loosely joined together, i.e., SG or GNP, also called

few layered graphene (FLG). The exfoliation volume is

governed by the structure of the starting expandable graphite,

exfoliation temperature and heat rate [9]. The largest increase in

volume to 300 cm3/g at 900 °C was obtained by exfoliating

graphite treated by a mixture of H2SO4/HNO3/KMnO4 at a

ratio of 1:9:3:0.44 over an immersing time of 150 min in formic

acid [10]. Intercalation with 98% HNO3 followed by hydrolysis

resulted in the the formation of graphite nitrate with negligible

damage to the sp2 graphite lattice. An interlayer distance of

0.336 nm was measured. Nevertheless, numerous multi-pores

ranging from 2 to 10 nm were also detected. The acid and

hydroxy groups on the multi-pore walls promote the interaction

of EG with organic compounds, more specifically, with mono-

mers before curing and with polymer segments after curing,

thus contributing to the mechanical properties and percolation

threshold reduction of conductive polymer/graphite nanocom-

posites [11,12].

Graphite intercalation compounds (GIC) may provide a plau-

sible high-yield source for polymer nanocomposites [8]. How-

ever, most of the methods described in the literature either

require expensive chemicals and/or are characterized by low

yields of the final material, and therefore are hardly applicable

for mass production.

Low percolation thresholds have been demonstrated in polymer

compositions with nanosized fillers. The high aspect ratio and

large surface area of graphene, along with the high electrical

conductivity, promote percolation thresholds much lower than

with metallic powders, carbon fibers or carbon black [13].

Epoxy resins are used as a matrix in high-performance compos-

ite materials for aerospace structures, coatings and adhesives for

a variety of applications. Epoxy systems combined with rein-

forcing fibers provide composites with high strength and stiff-

ness, ease of molding complex shapes and environmental resis-

tance at low densities. The properties of epoxy systems can be

varied as a function of the molecular weight or the function-

ality of the hardener constituent, by variations in processing

conditions or by changing the ratio between hardener and

monomer. Incorporation of functional silanes can improve the

dispersibility of fillers in an epoxy system and increase the me-

chanical properties of the cured resin. The combination of SG

and epoxy fiber composites was hardly studied. Nevertheless, it

may offer special properties by reinforcing the epoxy matrix

and providing higher electrical conductivities depending on the

localization of the SG. Consequently, the present investigation

deals with epoxy-based conductive compositions containing

treated stacked graphene and continuous fabric reinforcement

based on carbon fibers, Aramid and glass fibers.

Experimental
Materials
Diglycidyl ether of bisphenol A (DGEBA) (DER 331, Dow

Chemical Company) with epoxy equivalent weight (EEW)

182–192; triethylenetetramine (TETA) hardener, amine equiva-

lent weight 24 (LEUNA-Harze GmbH); graphite intercalated

compound (GIC) of 30–50 mesh, 3.1% sulfur (3772, Anthracite

Industries, Inc. a subsidiary of Asbury Carbons); surface-active

agents (SAAs) for SG treatment used in this study: polyether

polyol (MW = 4000, hydroxyl number: 28 mg KOH/g, (Grade

4200 from Bayer)), octylphenol ethoxylate (Triton X-100,

HLB = 13.5, and Triton X-15, HLB = 4.9), as well as 3-meth-

acryloxypropyltrimethoxysilane (MEMO) and (3-glycidyloxy-

propyl)trimethoxysilane (GLYMO) (Sigma-Aldrich); fabrics

used: 3k carbon fiber of plain weave, 200 g/m2 (Primetex ZB

type 43199 from Hexcel), Kevlar of plain weave, 450 g/m2

(Type 745) and fiberglass fabric of plain weave, 300 g/m2.

Preparation of expanded graphite (EG)
The commercial sulfuric acid intercalated expandable graphite

(GIC 3772) was subjected to thermal shock at 600–620 °C in a

preheated muffle furnace in air, with further heating of the

expanded material for 15–20 min to perform homogeneous

exfoliation of the graphite sheets into stacked graphene (SG)

consisting of layered graphene structures.

Preparation of epoxy compositions
The properties of epoxy-based compositions with various con-

centrations of EG incorporated by different techniques were in-

vestigated. The principle method comprised the following steps:

impregnation at elevated temperatures of EG in epoxy resin
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premixed with SAAs, further size reduction of EG worm-like

particles using intensive mixing, and degassing of the paste-like

epoxy/SG compositions in vacuum to remove the entrapped air.

Two nonionic surfactants (Triton X100 and X-15) with differ-

ent hydrophilic/lyophilic balance (HLB) were used in order to

evaluate the thermodynamic effect on the localization of the

SG. Hardener TETA was added to the mixture before speci-

mens casting.

The basic formulation (by weight) was as follows: epoxy:

100 parts; SAA: 1 pph; expanded graphite (EG): 2.5 pph (or

2.1 wt %); hardener TETA: 14.1 pph.

Fabrication of composite materials
Composite laminates were prepared using carbon fiber (CF)

fabric, Kevlar fabric alone or a combination of CF/Kevlar com-

binations, and fiberglass (FG) fabrics. CF was used as received,

and Kevlar was cleaned by dipping in isopropyl alcohol (IPA)

with further drying.

FG was used as received or modified by silanes and surfactants.

FG specimens (150 × 150 mm) were dipped in solutions of

MEMO and GLYMO silanes in IPA/water. The silane/IPA/

water ratio was 2:90:10. Acetic acid (2 g) was added to adjust

the pH value of the solution to 5.0. Wet specimens were rinsed

with IPA, dried at room temperature and finally cured at 120 °C

for 30 min.

Specimens of FG fabrics were heat-treated at 600 °C for 2 h to

burn out the sizing material and dried at 150 °C just before

dipping into a variety of treatment solutions. Solutions of

(3-aminopropyl)triethoxysilane (AMEO), Triton X-15 and

TETA in IPA were used as modifiers of the FG surface.

Laminates were fabricated by the hand lay-up technique using

brush and roller to apply the matrix composition on the fabric

plies. The samples were designed to provide a thickness of

2.5–3.0 mm. The fiber volume fraction was controlled by

applying pressure to the laminates to a predetermined thickness.

The samples were cured under pressure for two days at ambient

temperature, and after that post-cured at 80 °C for 4 h and at

120 °C for 2 h.

Characterization
The thermo-mechanical properties of the compositions were

measured at 1 Hz according to ASTM D 4065 using a DMA-

Dynamic Mechanical Analysis (Q800 TA Instruments). Flex-

ural testing followed ASTM D790 (3 point bending) at

1.3 mm/min. Electrical resistivity, both surface and volume,

was determined with an electrometer (Keithley 6517D). Typi-

cally, the characterization comprised five specimens with stan-

dard deviations of 5–8%. Morphology of the composite materi-

als was characterized with high-resolution scanning electron

microscopy (Zeiss). Specimens were cut from samples frozen in

liquid nitrogen.

Results and Discussion
Composite materials based on Kevlar
The electrical, mechanical and thermo-mechanical properties of

composite materials prepared with Kevlar fabrics are exhibited

in Table S1 (Supporting Information File 1). Laminated com-

posites based on Kevlar fabrics with epoxy/SG matrix demon-

strated good electrical properties, despite the insulating nature

of the fabric. Enhanced rigidity in three-point bending and in-

creased DMA storage moduli were achieved for compositions

where EG was impregnated with epoxy resin modified with the

surfactants Triton X-100, Triton X-15 or MEMO. These results

are in good correlation with the changes in morphology of the

composite materials determined by SEM. It can be seen in

Figure 1 that the morphology of the composite materials

changes depending on the composition of the matrix. Combina-

tion of epoxy resin with Triton X-100 and MEMO provides im-

proved wetting of the Kevlar fabric with the matrix compound.

Kevlar filaments are covered with adhered particles of

SAA/SG, while laminates prepared with the same neat epoxy or

unmodified epoxy/SG exhibit bare surfaces of the fabric. Triton

X-100 and MEMO have lower viscosities than Triton X-15 and

Polyol 4200, this supports their contribution to better wetting.

For compositions in which epoxy resin was modified by hydro-

phobic Triton X-15 or GLYMO the fiber coverage is less pro-

nounced. Some uncovered sections of Kevlar filaments can be

observed in Figure 1e,f. This is in spite of the very low viscosity

of GLYMO. The hydrophilic/hydrophobic nature of the SAA

dictates the surface energy balance, such that more hydrophilic-

ity (thus, higher surface energies) drives the treated nanoparti-

cles to the fiber/matrix interface, due to the higher surface

energy of the Kevlar fibers. The morphology is thermodynami-

cally driven, and the proper choice of the surfactant controls the

localization of SG at the interface. However, a higher concen-

tration of SG on the fibers does not translate into better mechan-

ical properties. Composites with Polyol 4200 or Triton X-15

show the highest flexural strengths in spite of the larger viscosi-

ties and the, supposedly, unfavorable surface energy. We may

speculate on the weak contribution of Triton X-100 and MEMO

to strength, compared to Triton X-15 and Polyol 4200. The

effect of better wetting is second to the more significant weak-

ening effect of the interphase by the low molecular weight of

the SAAs. Thus, to enhance the properties of the interface

wetting is not sufficient. It might also be the case that more

hydrophobic SAAs interact more strongly with SG, allowing for

a better local dispersion. Further work is required to unveil the
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Figure 1: SEM images of composite materials based on Kevlar fabric (magnification: 2000×). (a) Neat Epoxy matrix, (b) epoxy/SG (2.5 pph) matrix,
(c) epoxy/Triton X-100 (1 pph)/SG (2.5 pph) matrix, (d) epoxy/MEMO (1 pph)/SG (2.5 pph) matrix, (e) epoxy/Triton X-15 (1 pph)/SG (2.5 pph) matrix,
(f) epoxy/GLYMO (1 pph)/SG (2.5 pph) matrix.

contributions of both thermodynamic and dynamic effects, but,

in general, one can state that stronger interfaces are reflected in

the higher flexural strength of the composites.

Composite materials based on carbon fabrics
SEM images of composite materials based on carbon fabrics in

Figure 2 did not reveal distinctive differences in morphology.

Due to the lower surface energy of the carbon fibers, compared

to Kevlar, the driving force for localization of the nanoparticles

at the fiber/matrix interface is weaker, and less coverage of the

fabric is obtained. The effect of SAAs on the flexural strength is

either negligible or minor but negative, and SG agglomeration

seen in Figure 2 is supporting these findings.

All laminated composites manifested increased DMA storage

moduli. Composites with modified epoxy/SG matrices demon-

strated a significant increase of storage moduli at elevated tem-

peratures, and higher Young’s moduli (Table S2, Supporting

Information File 1). The distributed SG within the epoxy

matrix contributes to increase in modulus, a 10% increase is

seen in the range of 25–100 °C, and a significant 60% increase

is exhibited at 120 °C with either SG treated with Triton X-100

or MEMO. Further exfoliation of SG by SAAs leads to higher

moduli, and in the case of Polyol 4200 the modulus is almost

doubled compared to the neat matrix. Again, the higher

viscosity of Polyol 4200 is not detrimental to its role in

enhancing the properties, and the good interaction with SG is

due to a low surface energy.

The surface resistivity of the composite materials with epoxy/

SG matrix systems dropped by 7–8 orders of magnitude, but the

volume resistivity remained at the level of carbon fabrics/neat

epoxy composite. Resistivities of the carbon/epoxy composite

without SG are already lower than the lowest resistivities
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Figure 2: SEM images of composite materials based on carbon fabrics (magnification 5000×). (a) Neat epoxy matrix, (b) epoxy/MEMO (1 pph)/SG
(2.5 pph) matrix, (c) epoxy/Triton X-100 (1 pph)/SG (2.5 pph) matrix, (d) epoxy/Triton X-15 (1 pph)/2.5 pph SG matrix.

achieved with Kevlar/epoxy/SG. Thus, the volume resistivity is

not expected to decrease, yet the surface resistivities are

reduced by the effect of SG in the matrix and reach lower

values than their Kevlar/epoxy/SG counterparts, probably due

to dispersion of some carbon fiber fraction in the resin during

impregnation of the plies.

Composite materials prepared with carbon
fabric/Kevlar combinations
Composite laminates were prepared from combinations of

Kevlar and carbon fabric. Asymmetric layering provides the

possibility to create composite materials with regulated surface

resistivity for the different external laminates of the composite

structure. Laminated composites were prepared in two different

configurations:

1. asymmetric structure: (0/90 CF)3/(0/90 Kev)3,

2. symmetric structure: (0/90 CF)2/(0/90 Kev)1/(0/90

CF)1/(0/90 Kev)1/(0/90 CF)2.

The properties of the composite materials are presented in Table

S3 and Table S4 (Supporting Information File 1). Laminated

composites fabricated with the first configuration manifested in-

creased DMA storage moduli, especially for the composition

with epoxy/Triton X-15 which consistently showed higher

moduli at all temperatures up to 120 °C (Table S3, Supporting

Information File 1). Increased Young’s moduli were deter-

mined for all materials in a three-point-bend loading, while

stress at yield was mostly unaffected. The Tg evaluated from the

tan δ values of the DMA showed some scatter but remained at

roughly the same level as the unmodified resin system.

The properties of laminated composite materials prepared with

the second configuration are demonstrated in Table S4 (Sup-

porting Information File 1). The introduction of SG leads to en-

hanced moduli, however, the various surface treatments do not

further contribute to the moduli beyond these values. Interest-

ingly, at the highest temperature of 120 °C, the relatively high

values of DMA storage moduli are comparable with those of

composites prepared with 10 ply CF/neat epoxy matrix. The en-

hancement in DMA storage moduli of composites with epoxy/

SAA/SG binding matrices in comparison with the neat epoxy

matrix seems to reflect the better wetting ability of the

nanomodified matrix, which is expected to improve as tempera-

ture rises and is likely to explain the high moduli at 120 °C.

Surface resistivities of the asymmetric laminate in Table S3

demonstrate the ability to control one-sided conductivity or

gradient conductivities of up to three orders of magnitude in a

composite structure. Surface resistivities for both symmetric

and asymmetric laminates are expectedly similar to the all-car-

bon laminates.

Table S4 indicates that, again, Kevlar plies interleaved between

carbon plies do not prevent volume conductivity, especially

with Triton X-15 and MEMO surfactants where resistivity is

only one order of magnitude higher than the all-carbon lami-

nates.
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Figure 3: SEM images of composite materials based on FG fabrics (magnification: 5000×). (a) Neat Epoxy matrix, (b) epoxy/SG (2.5 pph) matrix,
(c) epoxy/Triton X-100 (1 pph)/SG (2.5 pph) matrix, (d) epoxy/MEMO (1 pph)/SG (2.5 pph) matrix, (e) epoxy/Triton X-15 (1 pph)/SG (2.5 pph) matrix.

Composite materials based on fiberglass
fabrics
SEM images of FG/epoxy-laminated composites indicated no

marked differences in the morphology of composite materials

with the investigated SG modified matrices. The epoxy based

compositions do not provide sufficient wetting and coverage of

fiberglass filaments, even when surfactants were added

(Figure 3).

The properties of laminated composite materials based on FG

fabrics are summarized in Table S5 (Supporting Information

File 1). As can be seen, significant improvements in electrical

properties were achieved due to a percolation network being

formed by the conductive matrix between the insulating fiber-

glass filaments. Surface and volume resistivities dropped down

by 7–9 orders of magnitude. However, The thermo-mechanical

properties of the composite materials indicated some deteriora-

tion. The DMA storage moduli slightly decreased, especially at

elevated temperatures. Young’s moduli determined by 3-point

bending remained at the level of the neat epoxy composites. A

significant decrease in stress at yield values was observed. The

reason for the latter deterioration could be attributed to the in-

creased rigidity of the laminates expressed as lower strain at

yield, or the incompatibility between the FG sizing and the

various SAAs leading to agglomeration in the matrix phase, as

shown in Figure 3.

Experiments aimed at modification of the FG surface, using

silanes with either acrylic or epoxy functionalities, in order to

provide better wetting of filaments, were carried out, as ex-

plained in detail in the Experimental section. Examination of

morphology and mechanical properties of laminated materials

did not reveal any substantial changes in the performance of the

laminates (Figure 4 and Table S5, Supporting Information

File 1). It can be concluded that these types of silanes do not

contribute to the improvement of FG/epoxy-based matrix

compatibility.

Further FG treatments were carried out with (3-aminopropyl)tri-

ethoxysilane (AMEO), triethylenetetramine (TETA), and
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Figure 4: SEM images of composite materials based on FG fabrics, FG treated with MEMO or GLYMO (magnification: 5000×). (a) Epoxy/MEMO
silane/SG (2.5 pph) matrix, FG treated with MEMO; (b) epoxy/MEMO SG (2.5 pph) matrix, FG treated with MEMO; (c) epoxy/SG (2.5 pph) matrix, FG
treated with GLYMO; (d) epoxy/Triton X-100 (1 pph)/SG (2.5 ph) matrix, FG treated with GLYMO.

the non-ionic SAAs Triton X-100 and Triton X-15 dissolved

in IPA at various concentrations. Results of electrical and

thermo-mechanical tests are shown in Table S6 (Supporting

Information File 1). As can be seen, modification of FG with

AMEO led to deterioration of the properties of the laminated

composite. After the addition of epoxy-functionalized silane

GLYMO as a surfactant to the matrix composition the values of

DMA storage moduli, Young's modulus and stress at yield were

restored.

Interesting results were observed with the non-ionic hydro-

phobic SAA Triton X-15. Addition of this SAA to the epoxy/

SG matrix blend, as well as the modification of FG with

1% solution of Triton X-15 led to improved mechanical proper-

ties. The SAA concentration must be balanced an excess of this

SAA during FG modification (2% solution) had a negative

effect on the stress at yield.

Improved thermo-mechanical properties of laminated FG com-

posites were observed also with moderate concentrations of

Triton X-100 applied for FG modification and incorporated into

the matrix composition. Here, an excess of SAA in the FG

fabric also results in a decrease of the stress at yield value.

Increase in DMA storage moduli and stress at yield was noticed

when FG was treated with TETA hardener. Further cross-

linking at the interphase may take place when testing at high

temperatures, explaining the higher modulus at 100 °C. Fine

tuning of the epoxy composition at the interphase may turn out

to be an interesting way to improve its properties, and there is

some potential in this practice to improve properties.

SEM images of composite materials based on modified FG are

shown in Figures 5–7. Morphology of the composite materials

in Figure 5 explains the observed improvement in mechanical

properties of epoxy/Triton X-15/SG laminated materials. The

nanoparticle platelets cover the surface of FG fibers modified

with Triton X-15. With Triton X-100 modification of FG,

Figure 6, the coverage is less obvious since bare and decorated

sections of FG filaments can be found. These results suggest a

rather hydrophobic sizing has been applied to the FG, and this is

reasonable since this sizing is recommended for epoxy compo-

sitions. The SEM image of laminates prepared with TETA mod-

ification of FG fibers in Figure 6 demonstrates a great number

of small matrix fragments bonded to the surface of FG fiber. As

can be seen, in composites based on GLYMO-modified epoxy

matrix and AMEO-modified FG, more epoxy matrix fragments

are bonded to the surface of FG filaments (Figure 7). The mor-

phology of laminated FG composite materials depends on the

chemical structure of FG surface layers and is finally reflected

in the mechanical properties of the composites.

The unknown composition of the sizing material used for the

FG filaments could be the reason for FG/matrix composition

incompatibility. Hence, experiments were carried out to remove
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Figure 5: SEM images of composite materials based on FG fabrics, FG treated with 2% Triton X-15 (magnification: 5000×). (a) Epoxy/SG (2.5 pph)
matrix; (b) epoxy/Triton X-15 (1 pph)/SG (2.5 pph) matrix; (c) epoxy/SG (2.5 pph) matrix, FG treated with 2% Triton X-15; (d) epoxy/Triton X-15
(1 pph)/SG (2.5 pph) matrix, FG treated with 2% Triton X-15.

Figure 6: SEM images of composite materials based on FG fabrics, FG treated with Triton X-100 or TETA (magnification: 5000×). (a) Epoxy/SG
(2.5 pph) matrix; (b) epoxy/SG (2.5 pph) matrix, FG treated with 2% Triton X-100; (c) epoxy/Triton X-100 (1 pph)/SG (2.5 pph) matrix, FG treated with
2% TETA; (d) epoxy/Triton X-100 (1 pph)/SG (2.5 pph) matrix, FG treated with 1% Triton X-100.

the original treatment in order to reveal an influence of selected

FG impregnating material on the properties of laminated com-

posites. Subsequently, composites based on heat-treated FG

fabrics that were further modified with SAAs (procedure is de-

scribed in the Experimental section) demonstrated higher DMA

storage moduli, especially at elevated temperatures as shown in

Table S7 (Supporting Information File 1). FG modified with

Triton X-15, AMEO and TETA, and the epoxy/SG matrix

modified with Triton X-15 and GLYMO manifested improved

performance after removal of the commercial sizing.
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Figure 7: SEM images of FG fabric based composite materials, FG treated with 2% AMEO (magnification: 5000×). (a) Epoxy/SG (2.5 pph) matrix;
(b) epoxy/SG (2.5 pph) matrix, FG treated with 2% AMEO; (c) epoxy/Triton X-100 (1 pph)/SG (2.5 pph) matrix, FG treated with 2% AMEO;
(d) epoxy/GLYMO (1 pph)/SG (2.5 pph) matrix, FG treated with 2% AMEO.

Conclusion
The exfoliation of commercially available expandable graphite

(EG) is enhanced by impregnation in an epoxy/surfactant mix-

ture, allowing on to downsize the nanoplatelets to "stacked"

graphene (SG) or few graphene layers (FGL) platelets. The

effect of such exfoliation on continuous-fiber-reinforced epoxy

composites was studied in terms of electrical conductivity and

thermo-mechanical properties at low loadings. Modification of

epoxy resin by SAAs prior to EG impregnation enhanced inter-

calation of epoxy monomer between EG layers and further

exfoliation. Morphology and compositions are reflected by the

mechanical properties of composite laminates. Electrically

conductive laminated composites, based on Kevlar or glass

fibers, can be obtained by introducing treated stacked graphene

at low concentrations.

The morphology of composite materials based on Kevlar fabrics

varies depending on the composition of the matrix. Laminates

prepared with neat epoxy or unmodified epoxy/SG exhibited

bare surfaces of Kevlar fibers. Modification of epoxy resin with

Triton X-100 and methacrylate-functionalized silane (MEMO)

resulted in improved wetting of the Kevlar filaments with the

nanocomposite matrix. Enhanced rigidity in three-point bending

and increased DMA storage moduli were achieved for compos-

ites where EG was impregnated with epoxy resin modified by

Triton X-100, Triton X-15 and MEMO. All Kevlar-based lami-

nates demonstrated improved electrical properties, indicating

the possibility to obtain electrically conductive composite mate-

rials on the basis of electrically insulating fibers using binder

matrices with low content of inexpensive SG. Both surface and

volume resistivity dropped by 7–8 orders of magnitude.

Laminated composites based on carbon fabric showed in-

creased DMA storage moduli, improved thermal stability and

increased Young's moduli. SEM images of SAA-modified

epoxy/SG/carbon fabric composites revealed no distinctive

effect of the epoxy composition on the morphology of lami-

nates, yet the compounds demonstrated significant improve-

ment in thermal stability at elevated temperatures, especially

with a polyol surfactant. A reduction of electrical surface resis-

tivity was registered, while volume resistivity remained at the

level determined for the neat epoxy composite.

Composite materials consisting of Kevlar/carbon fabric combi-

nations with epoxy/SAA/SG manifested increase in DMA

storage moduli and enhanced Young's moduli. Asymmetric

layering of the Kevlar/carbon layers provided the possibility to

form hybrid composite materials with regulated surface resis-

tivity for the different external plies of the laminate.

For fiberglass-based composites with various nanocomposite

matrices no marked differences in the morphology were

noticed. Epoxy-based compositions, even modified with SAA,

do not provide sufficient wetting and coating of fiberglass fila-

ments. DMA storage moduli and Young's moduli remained at

the level of the neat epoxy matrix, or were even reduced
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slightly. Treatment of fiberglass fabrics using moderate concen-

trations (1–2%) of non-ionic SAA (Triton X-15 and Triton

X-100), or TETA hardener in IPA allowed for improvement of

mechanical and thermo-mechanical properties of FG compos-

ites. Electrical properties manifested significant improvement as

surface and volume resistivities dropped by 7–9 orders magni-

tude.

Thermomechanical properties of FG-reinforced laminated com-

posite materials can be improved by removal of the commercial

sizing and modification of the fiberglass surface using moder-

ate concentrations (about 1%) of either AMEO, non-ionic

Triton X-15 or even TETA hardener. We suggest to develop

strategies to fine-tune the crosslink density at the interphase. A

graded crosslink density transition from the fiber to the matrix

may prove beneficial.

Supporting Information
Supporting Information contains all tables with the

measured thermo-mechanical and electrical properties of all

samples.

Supporting Information File 1
Thermo-mechanical and electrical properties.
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Abstract
Different polymorphs of MnO2 (α-, β-, and γ-) were produced by microwave hydrothermal synthesis, and graphene oxide (GO)

nanosheets were prepared by oxidation of graphite using a modified Hummers’ method. Freestanding graphene/MnO2 cathodes

were manufactured through a vacuum filtration process. The structure of the graphene/MnO2 nanocomposites was characterized

using X-ray diffraction (XRD) and Raman spectroscopy. The surface and cross-sectional morphologies of freestanding cathodes

were investigated by scanning electron microcopy (SEM). The charge–discharge profile of the cathodes was tested between 1.5 V

and 4.5 V at a constant current of 0.1 mA cm−2 using CR2016 coin cells. The initial specific capacity of graphene/α-, β-, and

γ-MnO2 freestanding cathodes was found to be 321 mAhg−1, 198 mAhg−1, and 251 mAhg−1, respectively. Finally, the graphene/α-

MnO2 cathode displayed the best cycling performance due to the low charge transfer resistance and higher electrochemical reaction

behavior. Graphene/α-MnO2 freestanding cathodes exhibited a specific capacity of 229 mAhg−1 after 200 cycles with 72% capacity

retention.

1932

Introduction
Nowadays low cost, clean and sustainable energy storage

requirements with high performance are of great need because

of rapid improvement of mobile and stationary electronic appli-

cations. Lithium-ion batteries have been one of the key energy

storage devices to meet these energy demands since the last

century [1]. However, increased capacity and energy density of

Li-ion batteries is desired in order to store more, efficient

energy. Although researchers have made significant progress in

the development of high capacity anode electrodes, such as

SnO2 [2], Sn-Ni [3], and Si [4], the performance of cathodes

has been bottlenecked by the energy density and capacity of

Li-ion batteries. In commercial Li-ion batteries, LiCoO2, which

has a specific capacity of 140 mAh/g, is used as the cathode

material although it has many disadvantages such as high cost,

toxicity and limited sources. Therefore, researchers have been

developing different cathode materials such as LiMn2O4 and

LiFePO4, which have a capacity of merely 150 mAh/g and

170 mAh/g, respectively [5,6].
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Manganese dioxide (MnO2) is one of the most promising metal

oxide as a replacement for the Li-ion electrode material owing

to its high theoretical capacity (308 mAh/g), environmental

friendliness and low cost [7]. It has gained a great deal of atten-

tion because of its wide application in areaa such as catalysts

for Li–air batteries [8], molecular sieves [9] and electrodes in

rechargeable batteries [10-12]. However, its drastic volume

change, aggregation problems, and poor electronic conductance

(resulting in low cyclability) has extremely limited its potential

applications [10,13]. Therefore, nanostructured MnO2 has been

fabricated and used with carbon materials to achieve excellent

conductivity with a large specific surface area [14]. On one

hand, reducing the dimensions of the electrode particles from

the micrometer to the nanometer regime can enhance the ion

exchange rate in Li-ion batteries [15], while on the other hand,

supporting the cathode with carbon materials such as carbon

nanotubes, acetylene black and graphene, helps to improve the

conductivity of the electrode. Among these carbon materials

graphene has become one the most attractive carbon support

materials with its extraordinary properties.

Graphene is a two-dimensional (2D) atomic-scale honeycomb

lattice made of carbon atoms. Its unique properties such as high

electrical and thermal conductivity, high chemical stability,

large specific surface area and high mechanical strength have

made graphene one of the most promising materials for energy

storage devices [16]. In recent reports, MnO2/graphene compos-

ite electrodes have been used in order to enhance the electrical

conductivity and prevent volume change during charge–dis-

charge cycles [17].

MnO2 has many crystallographic polymorphs including α-, β-,

δ-, γ-, ε-, and λ-MnO2. The electrochemical characteristics of

MnO2, such as electrocatalytic activity, specific capacity and

oxygen reduction reaction, vary according to its crystalline

structure and morphology [18]. However, there are few reports

explaining their electrochemical reaction response relating to

their different manganese oxide crystalline structures.

In this work, different polymorphs of MnO2 (α-, β-, and γ-)

were produced by a microwave hydrothermal method. Free-

standing graphene/MnO2 cathodes were manufactured through

a vacuum filtration process without using any additional addi-

tives such as a binder. The effect of the different polymorphs,

α-, β-, and γ-MnO2, on the structural and electrochemical prop-

erties of the manufactured, freestanding graphene/MnO2 cath-

odes was investigated. To the best of our knowledge, this study

is the first to investigate the electrochemical performance of

freestanding graphene/MnO2 cathodes for Li-ion batteries. The

freestanding graphene/MnO2 cathodes exhibit a high specific

capacity and excellent electrochemical cycling performance.

Experimental
Preparation of MnO2 phases
The α-, β-, and γ-MnO2 phases were synthesized by a micro-

wave-assisted hydrothermal method. α-MnO2 nanowires and

β-MnO2 nanorods were prepared according to our previous

report [8]. To prepare γ-MnO2, 1.83 mg of (NH4)2S2O8,

1.35 mg of MnSO4 and 3 mmol were dissolved in 80 mL of

distilled water. Then, the resulting solution was transferred into

a Teflon (PTFE)-lined autoclave, sealed and placed in a micro-

wave oven (Milestone ROTOSYNTH). The hydrothermal reac-

tion was carried out for 60 min at 90 °C. Then the autoclave

was cooled down to room temperature and the as-prepared

black precipitate was filtered and washed several times with

distilled water. γ-MnO2 was obtained after drying at 80 °C in a

vacuum oven for 12 h.

Preparation of freestanding graphene/MnO2
electrodes
Graphite oxide (GO) was synthesized according to a modified

Hummers’ method [19] by using pretreated graphite flakes as

the starting material, as explained in a previous study [17]. The

freestanding graphene/MnO2 cathodes were prepared via a

vacuum filtration technique. Firstly, 30 mg of GO was dis-

solved in 50 mL distilled water by ultrasonication for 1 h to

obtain GO. Then 30 mg of as-synthesized MnO2 was added to

the solution and ultrasonicated for another 1 h. The GO/MnO2

solution was filtered on a PVDF membrane by a vacuum filtra-

tion technique. In order to reduce the GO to graphene, the

as-synthesized GO/MnO2 was subjected to a hydrazine solution

after filtration of GO. 5.6 mL of a hydrazine solution was

slowly poured onto GO/MnO2 and filtered. Then the obtained

solid was peeled-off from the PVDF membrane and the free-

standing graphene/MnO2 was obtained (approximate thickness

is 15 μm). This process was carried out for all MnO2 phases.

The microstructural morphology of the freestanding graphene/

α-, β-, and γ-MnO2 composite cathodes was characterized using

scanning electron microscopy (SEM). The structural and phase

investigation of the freestanding cathodes was tested using

X-ray diffraction (XRD) and Raman spectroscopy.

Electrochemical characterization of
graphene/MnO2 cathodes
A CR2016 coin cell was used to investigate the electrochemical

performance of the produced freestanding composite cathodes,

assembled in an Ar-filled glove box. In this coin cell, the pro-

duced cathodes were used as a working electrode, and lithium

foil was used as an anode. 1 M lithium hexafluorophosphate

(LiPF6) was dissolved in ethylene carbonate (EC) and dimethyl

carbonate (DMC) (EC/DMC, 1:1 v/v), which was used as the

electrolyte. In order to separate the electrodes, a microporous
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Figure 1: Surface morphology of (a) α-MnO2, (b) β-MnO2, (c) γ-MnO2, (d) graphene/α-MnO2, (e) graphene/β-MnO2, and (f) graphene/γ-MnO2 free-
standing cathodes.

polypropylene membrane was used. Electrochemical tests of the

cathodes were implemented between 1.5 and 4.5 V at a con-

stant current density of 0.1 mA cm−2. The specific capacity of

the freestanding graphene/MnO2 cathodes was calculated

depending on the active mass of the graphene/MnO2 composite

(about 20 mg) on Al foil. The resistance of the electrodes was

evaluated via electrochemical impedance spectroscopy (EIS)

using a Nyquist curve in the frequency range 1000 kHz–0.1 Hz

with an AC amplitude of 10 mV with fresh electrode applied

before the electrochemical cycling test.

Results and Discussion
The surface morphologies of α-, β-, and γ-polymorphs of MnO2

and as-prepared graphene/MnO2 samples were investigated by

SEM analysis. Figure 1a shows that the α-MnO2 nanostructure

composed of uniform nanowires have 1–2 μm length and

40–60 nm average diameter. β-MnO2 (Figure 1b) shows that the

as-prepared β-MnO2 sample has a nanorod structure with

0.5–1 μm length and 20–40 nm average diameter. The γ-MnO2

(Figure 1c) exhibits an urchin-like structure with 0.5–1 μm av-

erage diameter with very thin nanoneedles. The structure of

graphene/MnO2 nanocomposites was also investigated. It can

be seen from Figure 1d,e that α-MnO2 nanowires and β-MnO2

nanorods were homogeneously distributed on the surface and

between the layers of graphene. Moreover, it also indicates that

the urchin-like γ-MnO2 microspheres were wrapped by trans-

parent graphene layers. In order to illustrate the dispersion of

MnO2 polymorphs (i.e. not only the surface of graphene sheets,

but also interlayers of graphene), cross-sectional characteriza-

tion of graphene/MnO2 composite layers was implemented
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Figure 2: Cross-sectional SEM images of (a) graphene/α-MnO2, (b) graphene/β-MnO2, and (c) graphene/γ-MnO2 freestanding cathodes.

Figure 3: XRD patterns of (a) α-MnO2, β-MnO2, γ-MnO2, (b) graphene/α-MnO2, graphene/β-MnO2, and graphene/γ-MnO2 freestanding cathodes.

using SEM. As it can be seen from Figure 2, α-MnO2, β-MnO2

and γ-MnO2 structures were homogenously distributed and

fixed between graphene layers.

Figure 3a shows the XRD patterns of α-, β-, and γ-MnO2. The

typical reflection peaks of α-MnO2 are observed at 2θ values of

12.7°, 18.0°, 28.6°, 36.7°, 38.6°, 41.9°, 49.7o, 56.4° 60.2°,

65.4°, 69.6°, and 72.9° corresponding to (110), (200), (310),

(400), (211), (420), (301), (600), (521), (002), (541), and (312)

planes of α-MnO2 crystals [20,21]. For β-MnO2, reflection

peaks were observed at 2θ values of 28.7o, 37.4o, 41.0o, 42.9o,

46.1o, 56.7o, 59.4o, 65.0o, 66.8o, 67.3o, 72.3o, 79.7o and 86.6o

corresponding to (110), (101), (200), (111), (210), (211), (220),

(002), (310), (301), (202) and (321) planes of β-MnO2 [22].

Lastly, for γ-MnO2, reflection peaks were observed at 2θ

values of 22.0°, 34.8°, 37.0°, 38.5°, 42.2°, 57.0°, 65.4° and

68.6°, corresponding to (101), (130), (210), (400), (211), (402),

(020), (421) planes of γ-MnO2 [23]. Figure 3b shows XRD

patterns of graphene oxide, graphene/α-MnO2, graphene/β-

MnO2 and graphene/γ-MnO2 composite structures. The

graphene peak observed at a 2θ value of 25.8o indicates the

(002) plane of carbon. However, there are still some remaining

graphene oxide phases observed at 2θ values of 10.9o in

graphene/α-MnO2 and graphene/β-MnO2, while almost all

graphene oxide is transformed to graphene in the graphene/γ-

MnO2 structure [24-26].
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Figure 6: Galvanostatic charge/discharge profiles of freestanding (a) graphene/α- MnO2, (b) graphene/β-MnO2, and (c) graphene/γ-MnO2 cathodes.

Figure 4: Raman spectra of graphene/α-MnO2, graphene/β-MnO2,
and graphene/γ-MnO2 freestanding cathodes.

Further phase characterization of graphene/α-MnO2, graphene/

β-MnO2 and graphene/γ-MnO2 composites was performed via

Raman spectroscopy using a 785 nm laser and the results are

shown in Figure 4. Although the Raman spectrum of MnO2 is

generally used to characterize MnO2 structures, MnO2 struc-

tures may show different characteristic peaks due to different

laser wavelengths and energy. Generally, in the Raman spectra

of MnO2, the peaks between 500 and 700 cm−1 are attributed to

the stretching mode of MnO6 octahedra [27] and the weak

peaks between 200 and 400 cm−1 originate from the formation

of Mn2O3 or Mn3O4 and correspond to the bending mode of

O–Mn–O [28]. In the graphene/α-MnO2 composite, α-MnO2

shows three weak peaks at 289 cm−1, 319 cm−1 and 376 cm−1

and one strong peak observed at 661 cm−1. In graphene/β-

MnO2 composites, three weak peaks at 230, 330 and 385 cm−1

and two strong peaks at 562 and 648 cm−1 are observed.

Graphene/β-MnO2 exhibited two weak peaks at 314 and

367 cm−1 and one strong peak at 658 cm−1. The observed peaks

Figure 5: Nyquist curves of graphene/α-MnO2, graphene/β-MnO2, and
graphene/γ-MnO2 freestanding cathodes.

at around 1320 and 1590 cm−1 are related to the D- and

G-bands of graphene [29] in the graphene/MnO2 composite

structures.

In order to investigate the effect of different crystal structures of

MnO2 in the graphene/MnO2 composites on the resistance of

the cell, electrochemical impedance spectroscopy (EIS) mea-

surements were performed and results are shown in Figure 5.

The width of the Nyquist curves indicates the charge transfer

resistance (Rct) of the graphene/α-MnO2, graphene/β-MnO2 and

graphene/γ-MnO2 cathodes [30]. As seen from Figure 5, the

graphene/β-MnO2 composite cathode has the largest width,

showing Rct = 102 Ω. Graphene/α-MnO2 with a Rct = 42 Ω has

a smaller width than that of graphene/γ-MnO2 with Rct = 90 Ω.

These Rct values indicate that the graphene/α-MnO2 composite

cathode has better electronic contact and conductivity among

the produced freestanding graphene/MnO2 cathodes [31].
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The electrochemical performance of the as-synthesized cath-

odes was first evaluated by galvanostatic charge/discharge

cycling at a constant current density of 254 mA g−1 in a voltage

range from 1.5 to 4.5 V. In Figure 6, the typical charge/dis-

charge profiles of freestanding graphene/α-MnO2, graphene/β-

MnO2 and graphene/γ-MnO2 cathodes are given for the 1st,

50th, 100th and 200th cycles. As shown in Figure 6a, the

graphene-supported α-MnO2 cathode exhibited a specific

capacity of 321 mAhg−1 upon first discharge with an open-

circuit potential of about 3.2 V and an average voltage of

approximately 2.25 V. It can also be seen that the capacity of

the graphene/α-MnO2 cathode was sustained with a small

amount of capacity loss. This could be attributed to the wire-

like structure of α-MnO2 allowing ions to pass from the

cathode. When the graphene-supported β-MnO2 cathode was

investigated (Figure 6b), it can be seen that the capacity was

found to be much lower than for graphene/α-MnO2. While the

first discharge capacity of graphene/β-MnO2 cathode was

198 mAhg−1, the graphene/γ-MnO2 cathode displayed a specif-

ic discharge capacity of 251 mAhg−1 (Figure 6c). The specific

capacity of both graphene-reinforced β-MnO2 and γ-MnO2

electrodes decreased dramatically with increasing number of

cycles. This could be attributed to the poor electrical conduc-

tivity and the textural modification during Li+ intercalation

and de-intercalation processes. Cheng et. al. [32] prepared

α-MnO2 cathodes and demonstrated a discharge capacity of

204.4 mAhg−1 for the first discharge with a constant current of

50 mAg−1. In our work, the as-prepared α-MnO2/graphene

cathode was reached a specific capacity of 318 mAhg−1. This is

probably due to graphene reinforcement, which increases the

conductivity and electrochemical reaction of α-MnO2 with Li

ions, as is reported in previous studies [10,13].

Figure 7 reveals the cycling stability of graphene/α-MnO2,

graphene/β-MnO2, and graphene/γ-MnO2 cathodes. A remark-

able result is obtained from the graphene/α-MnO2 cathode

which has an initial capacity of 321 mAhg−1. It can be seen that

there is no sudden loss of capacity and between cycles 2 and 44

it exhibits almost a stable capacity of 305 mAhg−1. The total

capacity loss is 27% during 200 cycles. Graphene/β-MnO2 and

graphene/γ-MnO2 cathodes were also cycled until the 200th

cycle but they exhibited very poor capacity retention when

compared with the graphene/α-MnO2 cathode. Although both of

these cathodes display a high capacity during the first cycle, the

capacity value decreases dramatically during the second cycle.

While the total capacity loss for the graphene/β-MnO2 cathode

was 61%, the graphene/γ-MnO2 cathode showed a 55%

capacity loss after 200 cycles. Tu et al. [33] also reported

nanorods-shaped MnO2-graphene cathodes and a γ-MnO2

cathode, and they observed huge capacity reduction due to the

formation of Li2MnO3.

Figure 7: Electrochemical cycling tests of graphene/α-MnO2,
graphene/β-MnO2, and graphene/γ-MnO2 freestanding cathodes.

Conclusion
A facile and rapid microwave-assisted hydrothermal method

was demonstrated to synthesize α-, β-, and γ-MnO2 phases.

Freestanding graphene/MnO2 was successfully prepared with

no further additives. The prepared nanocomposite samples were

operated as positive electrodes for Li-ion batteries. The SEM

images showed that α-MnO2 nanowires and β-MnO2 nanorods

were homogenously dispersed not only at the surface, but also

in the interlayer space of grapheme layers. Moreover, urchin-

like γ-MnO2 microspheres were found wrapped by graphene

nanosheets. The electrochemical cycling results demonstrated

that the graphene/α-MnO2 cathode showed the best electro-

chemical performance among all prepared samples with an

achieved initial capacity of 321 mAhg−1 and maintained its

remarkable performance after many cycles. This study proved

that α-MnO2 nanowires with graphene reinforcement could be

promising cathodes for Li-ion batteries due to the high capacity

and long cycle life.
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Abstract
This contribution reviews plasma polymer nanoparticles produced by gas aggregation cluster sources either via plasma polymeriza-

tion of volatile monomers or via radio frequency (RF) magnetron sputtering of conventional polymers. The formation of hydro-

carbon, fluorocarbon, silicon- and nitrogen-containing plasma polymer nanoparticles as well as core@shell nanoparticles based on

plasma polymers is discussed with a focus on the development of novel nanostructured surfaces.

2002

Review
Historical background
“A macromolecule is a molecule of high relative molecular

mass, the structure of which essentially comprises the multiple

repetition of units derived, actually or conceptually, from mole-

cules of low relative molecular mass.” “A polymer is a sub-

stance composed of macromolecules.” These are the definitions

the IUPAC gives to macromolecules and polymers, respective-

ly [1]. The ubiquity of polymers in everyday life is due to the

huge diversity of chemical composition and architecture they

may possess, both factors leading to an extremely broad spec-

trum of polymer properties. Nevertheless, the word “plasma”

was added to the title of this article to reflect the fact that this

manuscript will not deal with conventional polymers per se,

regardless of the attractiveness and utility of these may be, but

will rather focus on materials that are created as a result of a

low-temperature non-equilibrium plasma operating in organic

vapours. The term “plasma polymer” was introduced in the

1960s to convey the interrelation between the use of a gas dis-

charge and the formation of solid deposits from low molar mass

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:choukourov@kmf.troja.mff.cuni.cz
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organic precursors [2-4], although the history of plasma poly-

mers is much longer. Organic deposits created as by-products of

electrical discharges have been known presumably since the end

of the18th century (see [5] and references therein). The signifi-

cant scientific interest in plasma polymers was motivated by the

attractive possibility to introduce various organic monomers

into the plasma, including those which do not polymerize by

conventional chemical routes. A new kind of polymer with ad-

vanced properties was anticipated. It was however soon real-

ized that these materials have little in common with conven-

tional polymers due mainly to the fact that they typically have

random, highly cross-linked and highly branched structures in

which regularly repeating monomeric units can hardly be ex-

pected. The lack of predictable structure hampered the exten-

sive use of plasma polymers in real world applications, al-

though a multitude of potential utilizations have been sug-

gested.

In the mid-twentieth century, such deposits were studied as

possible candidates for the production of thin dielectric films

for microelectronics [6]. The choice of hydrocarbon, halo-

carbon and organosilicon precursors in these studies logically

stemmed from the requirement of the compatibility with techno-

logical processes used in the semiconductor industry. The for-

mation of disperse polymeric particulates in the gas volume was

also observed at about that time [7-10]. The phenomenon was

earlier considered as unwanted and as something to be avoided;

later, it laid a foundation for the field of dusty plasmas in which

the research was focused on particle–plasma interactions [11].

A legacy from the semiconductor processing phase explains the

fact that close attention was paid to silane-based plasmas [9,11-

22] followed by hydrocarbon [16,17,23-27] and fluorocarbon

plasmas [27-36].

Gas aggregation sources
In recent years, scientific interest spread to the investigation of

the properties of plasma polymer particles themselves, regard-

less of the effects their presence produces on the plasma. It was

recognized that polymeric nanoparticles (NPs) can be highly

desired in various fields including photonics [37] and biomedi-

cal applications where they can be used as biomolecule and

drug carriers [38-40]. Gas aggregation cluster sources (GAS)

were considered feasible for the synthesis of plasma polymer

NPs with a tuneable size distribution, retention of functional

groups and cross-link density. The concept of GAS was origi-

nally developed for the production of metal NPs by vacuum

thermal evaporation with subsequent condensation of atomic

metal vapours on a cool buffer gas and later thermal evapora-

tion was replaced by magnetron sputtering [41]. At least one

work investigated the formation of polymeric NPs by thermal

evaporation of poly(N-vinyl-2-pyrrolidone) in a GAS [42].

At present, a typical GAS consists of a tubular vacuum chamber

equipped with a DC or RF electrode (or magnetron) which is

used to ignite a plasma and which serves as a source of materi-

al to be “vaporized” (Figure 1). In the case of the production of

plasma polymer NPs, carbonaceous precursors are introduced

into the GAS in the form of volatile vapours of organic mono-

mers or as a result of evaporation or sputtering of a solid

polymer target attached to the electrode. The latter process was

shown to lead to a release of volatile fragments of macromole-

cules which can be further used as precursors for plasma poly-

merization [43-52]. Depending on the experimental conditions,

plasma polymerization can be forced to proceed in a gas phase

which results in the formation of NPs of different chemical and

physical properties and with different size distribution. The

GAS configuration offers an advantage of creating a co-axial

gas flow to transport the NPs away from the discharge zone

through an orifice into another vacuum chamber where they can

be collected on solid supports.

Figure 1: Scheme of a gas aggregation cluster source.

Figure 2a–d shows scanning electron microscopy (SEM) exam-

ples of NPs created as a result of plasma polymerization of

n-hexane and hexamethyldisiloxane (HMDSO) [53] or as a

result of RF magnetron sputtering of nylon [54] and poly(tetra-

fluoroethylene) (PTFE) [55]. One can readily judge the diver-

sity of shape and morphology of the NPs with diameters

ranging from tens to hundreds of nanometers. Here and further

in this Review, for simplicity, we shall use the designation

“NPs” to describe all particles in this size range having in mind

that objects of hundreds of nanometers are more accurately de-

scribed as submicrometer-sized particles.

Charge of plasma polymer nanoparticles
It has been recognized that NPs grow via a three-step process

involving nucleation, coagulation and growth by accretion. The

nucleation stage is often considered to be governed by negative

ions [19,56-59], leading to the formation of nanometer-sized

nuclei. These embryonic clusters may be neutral or bear either

negative or positive charge [60,61] which results in their effec-

tive coagulation into larger NPs with a typical diameter of

10–20 nm. Negative charge begins to dominate for NPs of this
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Figure 2: SEM images of different types of plasma polymer nanoparticles produced: a) by plasma polymerization of n-hexane in its mixture with N2;
b) by plasma polymerization of HMDSO in its mixture with Ar (obtained in a similar manner as [53]); c) by RF magnetron sputtering of nylon in the
Ar/N2 mixture (republished from [54] with permission IOP Publishing Ltd.); d) by RF magnetron sputtering of PTFE in Ar (obtained in a similar manner
as [55]). The references shown here and in the following figures cite the authors’ previous works where similar (but not necessarily identical) data
were presented; the unreferenced data represent the authors’ new material which has not been published yet, but which is necessary for a compara-
tive analysis in this review.

and larger size because of the high mobility of electrons with

respect to positive ions. The coagulation is therefore suppressed

by Coulomb repulsion, and further NP growth proceeds by

accretion via the accumulation of polymer-forming neutral

species (radicals) and positive ions from the gas phase.

The resultant plasma polymer NPs have a spherical symmetry

but can exhibit different morphology. Although it is very diffi-

cult to generalize about the shape of the NPs prepared in differ-

ent experiments, it seems that larger plasma polymer particles

typically reveal a more complex structure (Figure 2), the exact

understanding of which is still lacking. The phenomenon can be

associated with the changes in the heat balance of NPs during

their growth in plasma. It has been shown both theoretically and

experimentally that smaller NPs may reach the temperature that

significantly exceeds that of a neutral gas, whereas larger NPs

are heated much less [58,62,63]. Thus, the continuous growth of

NPs in plasma may be accompanied by radially directed

changes in the material properties (cross-link density and

branching) induced by temperature changes and resulting in the

accumulation of mechanical stress. If the critical value of stress

is achieved, the surface of a NP relaxes with the formation of

the surface instabilities, similar to a popcorn effect observed in

conventional polymer particles [64]. As it was mentioned, the

involvement of low-temperature plasma represents a unique

feature that distinguishes this approach from other non-plasma-

based methods: NPs acquire an electrical charge when nucle-

ating, growing and passing through the zone of the glow dis-

charge. Clouds of charged NPs may exhibit collective behav-

iour coupled with plasma instabilities, a phenomenon of high

scientific interest in the field of dusty plasmas [52]. In the

framework of GAS, the gas flow conditions are deliberately

chosen to overcome trapping of NPs by electromagnetic fields

and to extrude beams of NPs into the separate deposition

chamber. Haberland [65] was one of the first to realize that NPs

(metallic in his case) ionized in the magnetron plasma can be

advantageous in terms of size separation in accord with their

mass-to-charge ratio. It can be shown that plasma polymer NPs

also leave GAS partially charged and can be manipulated by an

electrostatic field. Electrostatic plates can be installed at a close

distance from the exit orifice of the GAS to deflect the charged

NPs. Figure 3a shows the scheme of such arrangement used for

the production of NPs by RF magnetron sputtering of nylon

[66]. Here, photos of glass substrates taken after the deposi-

tions with or without the electrostatic field applied are shown.

The nylon-sputtered NPs produce a circular deposit opposing

the exit orifice when no voltage is applied to the deflection

plates. In contrast, the deposit becomes spread towards the

edges when 200 V voltage of different polarity is applied to the

deflection plates. Remarkably, the presence of both negatively

and positively charged NPs can be observed as the deposit is

smeared in both directions from the central point. From the

opacity of the deposit, it can be qualitatively estimated that

neutral NPs are in minority and that negatively charged NPs

constitute the majority of all the charged NPs.

For a quantitative evaluation, a system of electrostatic retarding

grids can be utilized as shown in Figure 3b. Quartz crystal

microbalance (QCM) can measure the total mass flux of the

NPs (neutral, positively and negatively charged) without any

voltage applied to the grids. A highly positive or negative

potential applied to the central grid repels the NPs of the oppo-

site charge and allows the rest to pass through. One can obtain

the ratio between the neutral, the positively and the negatively

charged NPs by measuring their mass fluxes with opposing

voltages on the central grid. The calculations performed for the

PTFE-sputtered NPs [55] support the qualitative data obtained

for nylon sputtering and prove that the majority of the NPs bear

the electric charge and that negatively charged NPs are the most

abundant.
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Figure 3: Experimental arrangements allowing estimation of plasma
polymer NP charging: a) electrostatic plates used for deflection of
charged nylon-sputtered NPs [66] by applying 200 V voltage of differ-
ent polarity across the NP beam; b) electrostatic grids used for retarda-
tion of charged PTFE-sputtered NPs by applying 1000 V voltage of dif-
ferent polarity along the NP beam (obtained in a similar manner as
[55]).

Control of chemical composition of plasma
polymer nanoparticles
Chemical composition can also vary drastically depending on

the precursor/target used as can be seen in Figure 4 where high-

resolution C 1s XPS peaks are shown for a number of chosen

NPs. Starting from C/H plasma polymers (Figure 2a), the chem-

istry of the resulting NPs may range from nitrogen-containing

(Figure 2b) to fluorocarbon (Figure 2c) plasma polymers, to cite

just a few, in which multitudes of chemical bonding environ-

ments can be present.

The choice of the working gas strongly influences the plasma

chemistry and may be used as a tool for tuning the chemical

composition of resultant NPs. For example, adding nitrogen to a

hydrocarbon plasma may trigger the formation of nitrogen-con-

taining NPs [68,69]. Figure 5a,b shows the NPs produced by

plasma polymerization from the mixtures of n-hexane with Ar

Figure 4: C 1s XPS of the NPs prepared a) by plasma polymerization
of n-hexane in its mixture with Ar (total pressure 88 Pa, discharge
power 40 W, C6H14 flow 1.2 sccm, Ar flow 12.2 sccm); b) by RF mag-
netron sputtering of nylon in the Ar/N2 3:1 mixture (obtained in a simi-
lar manner as [54]); c) by RF magnetron sputtering of PTFE in Ar
(reprinted from [67], with permission from Elsevier).

and with nitrogen, and for comparison Figure 5c shows the NPs

produced by RF magnetron sputtering of nylon in the Ar/N2

mixture [54].

The chemical composition of these NPs is shown in Figure 6a

in terms of FTIR spectra and in Figure 6b in terms of the XPS

elemental nitrogen content as a function of the concentration of

N2 in the working gas. Apart from narrowing the size distribu-

tion, adding nitrogen results in an increase of the nitrogen

content in the NPs. Incorporation of nitrogen-bearing species

into thin films of plasma polymers has been considered to be of

paramount importance, especially in terms of retention of pri-

mary amines which are attractive in biomedical applications as

linkers for binding biomolecules. Yet, it has been recently

argued that primary amines find it difficult to survive the influ-

ence of the plasma and that amino groups overwhelmingly re-

ported for plasma polymers are actually other nitrogen-contain-
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Figure 5: SEM images of nitrogen-containing NPs prepared a) by
plasma polymerization of n-hexane in its mixture with Ar (total pres-
sure 88 Pa, discharge power 40 W, C6H14 flow 1.2 sccm, Ar flow
12.2 sccm); b) by plasma polymerization of n-hexane in its mixture with
N2 (total pressure 88 Pa, discharge power 40 W, C6H14 flow 1.2 sccm,
N2 flow 12.2 sccm); c) by RF magnetron sputtering of nylon in the
Ar/N2 3:1 mixture (obtained in a similar manner as [54]).

ing functionalities [70]. The data obtained for the NPs confirm

that plasma polymerization of n-hexane in N2 does not lead to

the substantial retention of amines as can be seen from the

absence of the characteristic IR band at >3000 cm−1. Carbonyl-,

amide- and, to a lesser extent, imine-based functionalities

constitute an ensemble of nitrogen-bearing species. In contrast,

RF magnetron sputtering of nylon in the Ar/N2 mixture results

in a much better retention of nitrogen which is, at least to some

extent, bound in amine functionalities. Nevertheless, a reliable

and quantitative control over the amount of amines in both NPs

and thin films of plasma polymers still represents a formidable

challenge.

Another example of a strong dependence of the chemical com-

position of NPs on the composition of the gas mixture can be

found for plasma polymerization of HMDSO. It has been

known for a long time in the thin film deposition community

Figure 6: Chemical composition of nitrogen-containing NPs shown in
Figure 5: a) FTIR spectra; b) the nitrogen content calculated from the
XPS spectra as a function of the N2 concentration in the working gas.

that adding oxygen to HMDSO switches plasma chemistry to

preferential oxidation of carbonaceous species. A pumping

system effectively evacuates gaseous carbon oxides whereas

siloxane moieties tend to adsorb on surfaces and form silicon

oxide coatings. The amount of added oxygen determines the

chemical composition of the coatings. The same paradigm can

be adapted for the synthesis of NPs in the configuration of GAS

[53]. Plasma polymerization can be performed at elevated pres-

sure in a mixture of HMDSO and Ar with the constant ratio of

both components. The process results in the formation of
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210 ± 40 nm diameter spherical particles with a more struc-

tured surface (Figure 7a). Adding O2 to the working mixture

results in morphological changes and produces NPs with fewer

irregularities on the surface (Figure 7b,c). Remarkably, the NP

diameter does not change significantly and reaches 180 ± 40 nm

for the most oxygen-rich gas mixture.

Figure 7: SEM images of NPs prepared by plasma polymerization of
HMDSO mixed with Ar: a) without adding oxygen; b) with addition of
oxygen at O2/HMDSO 1:1 ; c) with addition of oxygen at O2/HMDSO
5:1 (obtained in a similar manner as [53]). Total pressure is 55 Pa, dis-
charge power is 30 W, HMDSO flow is 0.2 sccm, Ar flow is 2 sccm.

The stability of the size distribution becomes even more

remarkable when compared to the chemical changes induced by

the addition of oxygen. FTIR and XPS (Figure 8a,b) analyses

demonstrate the organosilicon character of the NPs produced

without O2 and its gradual transfer to the inorganic state with

the addition of O2. The gas phase composition can be opti-

mized to produce nearly stoichiometric SiO2 NPs (Figure 7c),

which are rare examples of organic plasma-derived material

with well-established chemical composition. As it was dis-

cussed above, plasma polymers are typically cross-linked

macromolecular networks having the chemical composition of

more diverse character than that of the precursors. Mono-func-

tional plasma polymers are still beyond reach and even prefer-

ential retention of a specific functional group with a good

control over the surface chemistry represents a significant chal-

lenge for the scientific community today.

Control of size distribution of plasma polymer
nanoparticles
The discharge power and the gas flow in the GAS are addition-

al parameters to control the NP properties. In close analogy

with the Yasuda parameter (see [71] and the following debate),

both determine the specific energy supplied to a precursor mol-

ecule and, as a result, the intensity of precursor fragmentation.

A typical pressure of tens of Pa ensures a viscous and laminar

gas flow regime, and hence the gas flow rate determines also

the time that NPs spend in the GAS (the residence time).

Figure 9a,b summarizes the data available in the literature.

Here, the mean NP diameter is given as a function of the resi-

dence time and discharge power for nylon- [54] and PTFE-sput-

tered [67] NPs as well as for plasma polymerization of HMDSO

in Ar [53].

For nylon and HMDSO, an increase is observed of the NP di-

ameter with the residence time (under constant power) which

simply reflects the kinetics of the NP growth when they travel

along the GAS. The opposite trend of decreasing NP diameter

with the discharge power is readily explained by stronger frag-

mentation of precursor molecules. The fragmentation results in

a larger amount of free radicals that serve as nucleation centres

and, under constant supply of the precursor (constant gas flow

rate), these produce larger amounts of smaller NPs. Neverthe-

less, the data for the NPs produced by magnetron sputtering of

PTFE [67] by no means obey the above trend. These NPs are

also in contradiction with other fluorocarbon NPs produced by

plasma polymerization of heptadecafluorodecyl acrylate [35]

showing the same trend as the nylon-sputtered and the HMDSO

NPs. For PTFE-sputtered NPs, neither the residence time nor

the discharge power has influence on the NP diameter which

stays constant over the entire range of both parameters. The for-

mation of the NPs in close proximity to the PTFE target and

their subsequent transport through the GAS volume saturated

with low sticking probability CF2 bi-radicals were suggested as

possible explanations of the phenomenon. It can be concluded

that, although the opposing influence of the residence time and

the discharge power on the NP diameter is fulfilled in many

cases, a global generalization should be made with caution and

each particular combination of precursor and GAS parameters

should be thoroughly investigated. For example, other experi-

ments with PTFE-sputtered NPs revealed that their diameter can

be controlled over a wide range by changing the intensity of the

magnetic field above the magnetron target [55]. Figure 10a,b

shows SEM images of the NPs prepared under identical condi-
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Figure 8: Chemical composition of the NPs shown in Figure 7: a) FTIR spectra b) the elemental content calculated from the XPS spectra as a func-
tion of the O2 concentration in the working gas (republished from [53] with permission of IOP Publishing Ltd.).

Figure 9: Mean diameter of nylon-sputtered, PTFE-sputtered and
HMDSO plasma polymer NPs as a function of a) the residence time
and b) the power of the discharge. The data are calculated from the
results presented in [53,54,67].

tions in the GAS but with different permanent magnet circuits

installed in the magnetron, giving either a 100 G or 250 G field

above the position of the erosion track on the PTFE target. An

increase of the intensity of the magnetic field leads to a de-

crease of the magnetron self-bias from 620 V to 350 V due to

more effective trapping of electrons within the magnetic

channel. This in turn results in the formation of particles which

are an order of magnitude larger (250 nm) as compared to the

ones fabricated with the weaker magnetic field (30 nm). Appar-

ently, the differences in intensity of ion bombardment should be

manifested in the change of the plasma chemistry, although the

exact reason for this interesting phenomenon is still not clear

and requires further investigation.

Figure 10: SEM images of the PTFE-sputtered NPs deposited with dif-
ferent intensity of the magnetic field: a) 100 G, b) 250 G; Ar pressure is
100 Pa, flow rate is 9.2 sccm, residence time is 9 s, discharge power is
140 W, deposition time is 20 min; obtained in a similar manner as in
[55].

Apart from being of scientific interest, tuning the NP size by

replacement of magnetic circuits can hardly be viewed as prac-

tical and technological reasons. More feasible is to control the



Beilstein J. Nanotechnol. 2017, 8, 2002–2014.

2009

Figure 11: SEM images of NPs prepared by plasma polymerization of
HMDSO in Ar: a) 220 nm NPs produced with 10 cm aggregation
length; b) 40 nm NPs produced with 4 cm aggregation length; c) dual-
scale structure produced by sequential deposition of a) and b);
d) triple-scale structure produced by power-dependent sequential
deposition of 200, 110 band 70 nm diameter NPs; e) size distribution
histogram corresponding to d) (republished from [53] with permission
of IOP Publishing Ltd.).

power/flow parameters or to modify the construction of the

GAS itself. A GAS can be constructed to allow the length of the

aggregation chamber to be changed, and Figure 11a,b shows the

results of plasma polymerization of HMDSO in Ar with two

values of the aggregation length [53]. Logically, a shorter

aggregation zone reduces the NP residence time and prevents

them from growing larger. Figure 11c shows the dual-scale sur-

face obtained as a result of the combined deposition when a

layer of 220 nm NPs was prepared with the longer aggregation

zone and it was subsequently over coated by another layer of

40 nm NPs prepared with the shorter aggregation zone. Manipu-

lation of the discharge power can also be effective for the

creation of dual- and even multi-scale structures. For example,

NPs of three different sizes can be prepared in a single run by a

stepwise increase of power, in this case resulting in the deposi-

tion of 200, 110 and 70 nm NPs. Figure 11d shows the outcome

of such a triple deposition method and the histogram in

Figure 11e confirms the formation of the triple-scale surface.

Thus, plasma polymer NPs produced by GAS prove to be very

versatile for the design of hierarchical structures, which can be

very efficient for fine tuning of optical properties, surface

wettability, interaction with cells, and in other applications.

Core@shell nanoparticles
The versatility of GAS may be further extended if two different

processes are combined in one experimental run. One can take

advantage of magnetron sputtering of metals and plasma poly-

merization of organic precursors to create heterogeneous NPs in

which metallic inclusions are enveloped by layers of plasma

polymer (core@shell NPs). For example, the process can be

performed in the GAS by RF magnetron sputtering of metal in

argon with the addition of an organic precursor (Figure 12a) or

metal NPs can be pre-formed in the GAS by DC magnetron

sputtering and the beam of the NPs can be allowed to pass

through an auxiliary glow discharge in organic vapours

(Figure 12b).

Figure 12: Scheme of synthesis of core@shell NPs by GAS:
a) core@shell NPs are produced in the GAS by RF magnetron sput-
tering of Ag target in the gas mixture of Ar and HMDSO; b) metal NPs
are produced by DC magnetron sputtering of Ti target in the GAS and
then covered by shells of C/H plasma polymer in the auxiliary plasma
reactor with external RF excitation.

In the first case, the conditions should be optimized to provide

the supply of atomic metal supersaturated vapours into the gas

phase where they start to condense by homogeneous nucleation.

Simultaneously, fragmentation of organic molecules in the

plasma proceeds with the formation of free radicals that subse-

quently recombine to create the plasma polymer phase.
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Figure 13: TEM images of core@shell NPs: a) Ag@HMDSO NPs pre-
pared in configuration of Figure 12a (total pressure 190 Pa, discharge
power 50 W, HMDSO flow 0.45 sccm, Ar flow 105 sccm); b) Ti@C/H
NPs prepared in configuration of Figure 12b (Ar pressure/flow in the
GAS is 40 Pa/4.0 sccm, DC 0.4 A, total pressure in the auxiliary
plasma zone is 1 Pa (0.65 Pa of Ar and 0.35 Pa of C6H14), RF power
is 10 W).

Remarkably, the two processes do not interfere, probably due to

strong cohesive forces between metal atoms and weak

metal–polymer interaction. As a result, phase-separated

core@shell NPs are created, an example of which is shown in

Figure 13a. Here, silver NPs enveloped by shells of HMDSO

plasma polymer are shown. The structure of the NPs, in which

multiple metal inclusions of about 5 nm diameter are concen-

trated within a single plasma polymer shell producing 36 nm di-

ameter multicore@shell NPs, is appealing. The multicore-in-

one-shell structure can be explained by the initial formation of

single core@shell NPs which subsequently coalesce into one

bigger NP joining multiple metal inclusions in a single shell.

The second strategy relies on spatial separation of the forma-

tion of metal NPs and their embedding into polymer or plasma

polymer shells, similar to what has been realized in [72,73].

This strategy allows the decoupling of the processes of magne-

tron sputtering and plasma polymerization and may prove ad-

vantageous, especially if more reactive metals are considered.

For example, titanium is known to form strong TiC bonds when

sputtered in organic plasma [74]. Carbidization of titanium

atoms may hinder metal–polymer phase separation and it may

even change the properties of titanium inclusions themselves.

Instead, Ti NPs can be created in the GAS by magnetron sput-

tering in Ar and then their beams can be transported by the gas

flow through an auxiliary glass tube attached to the GAS and

equipped with an external ring electrode for RF excitation of

plasma. Vapours of n-hexane are introduced into the glass tube

via a separate inlet port and the conditions of plasma polymeri-

zation should be optimized to produce in-flight coating of Ti

NPs with hydrocarbon plasma polymer. Figure 13b shows that

both single core@shell NPs as well as their agglomerations can

be obtained by this procedure. The thickness of the overcoat can

be controlled by the flight velocity of the NPs and by the depo-

sition rate of the plasma polymer. Overall, gas-phase fabrica-

tion of metal–polymer core@shell NPs may offer new possibili-

ties in preventing metal particles from oxidation, in fine tuning

the optical properties and biological interactions, and, in

general, in designing novel materials with advanced properties.

Plasma polymer nanoparticles as building
blocks for nanostructured composite surfaces
The configuration of GAS allows the deposition of NPs onto

any high-vacuum-compatible supports. Typical operational

conditions used in GAS produce NP beams that deposit on sub-

strates with subsonic velocity [75]. If the range of masses of

NPs is taken into account, one may conclude that NPs hit the

substrate in a soft-landing regime in which the kinetic energy

borne by a NP as a single entity is too small to break bonds be-

tween the highly numerous species constituting this NP. Hence,

NP interaction with the substrate does not induce noticeable

changes either in the NPs or in the substrates. Preservation of

the NP shape and structure may or may not be of benefit,

depending on the target application. A major drawback of the

situation is related to the weak van der Waals forces acting be-

tween NPs and substrate so that a NP layer can be easily de-

stroyed by a tiny mechanical impact. This drawback can be

overcome by depositing a capping layer that should be suffi-

ciently robust to fix the NPs on the surface yet sufficiently thin

so as not to introduce morphological changes to the surface,



Beilstein J. Nanotechnol. 2017, 8, 2002–2014.

2011

unless otherwise required. The layer can be of the same or simi-

lar material as the underlying NPs to preserve the surface chem-

istry. For example, hydrocarbon NPs produced by plasma poly-

merization of n-hexane in GAS can be fixed on the surface by

coating them with a thin film of hydrocarbon plasma polymer

(Figure 14a). The capping layer can also be made of a different

material as can be seen in Figure 14b where the same NPs are

shown over-coated with a magnetron-sputtered Ti film.

Figure 14: C/H NPs prepared in GAS by plasma polymerization of
n-hexane and overcoated a) with a thin film of C/H plasma polymer
(reprinted from [76], with permission from Elsevier) and b) with a Ti thin
film (obtained in a similar manner as in [77]).

In both of the above cases, the overlayer was deposited to

preserve the initial surface morphology. Certain applications

however may require control over the structure in a broader

range covering both nanometer and micrometer scales. Plasma

polymer NPs may be useful for this purpose as well, especially

if glancing angle deposition (GLAD) is considered. Evapora-

tive GLAD was developed in the late 20th century for creating

metallic films with a highly porous structure [78]. It has been

known that time and spatial fluctuations exist in atomic fluxes

arriving onto the substrate from the gas phase during evapora-

tion or sputtering. The noise in the atomic flux results in the

situation that some spots on the surface may receive a larger

amount of particles deposits than the others, and generally,

noise is responsible for roughening the growing front. In

contrast, surface diffusion tends to redistribute the arriving ma-

terial over the larger area and leads to smoothening of the sur-

face. The competition between the two phenomena determines

the resultant roughness/smoothness of the film. If deposition is

performed onto a sufficiently cold substrate, surface diffusion

can be suppressed and roughening will dominate. It has been

also recognized that roughening can be significantly enhanced if

shadowing instabilities are present on the surface, especially if

the depositing flux is collimated and tilted at an oblique

(glancing) angle to the surface normal. Nuclei of the adsorbed

material create shadow zones in areas opposite to the direction

of the incoming flux. Arrays of well isolated zig-zag, spiral or

pillar nanostructures made of metals and other inorganics have

been successfully fabricated by GLAD. GLAD of polymeric

materials has also been demonstrated [74,79,80]. However, the

separation between the individual polymer nano-columns is typ-

ically worse than in the case of metals, probably due to a rela-

tively large characteristic surface diffusion length of macromo-

lecular species which compromises the shadowing effect. To

enhance the shadowing mechanism, blank substrates can be

preseeded with NPs produced by GAS (Figure 15a) that will

serve as artificially created obstacles to the incoming flux in the

second step (Figure 15b).

Figure 15: Scheme of GLAD: a) preseeding of substrates with nylon-
sputtered NPs produced by GAS; b) GLAD of nylon-sputtered plasma
polymer over the preseeded NPs.

Figure 16a,b shows the top view and cross-sectional images of a

plasma polymer film created as a result of RF magnetron sput-

tering of nylon at normal (0°) and glancing angle (80°) deposi-

tion on blank silicon substrates whereas Figure 16c,d shows

their counterparts deposited over the preseeded nylon-sputtered

NPs. As expected, normal depositions produce compact coat-

ings with the surface replicating the underlying structure (corre-

spondingly, smooth blank Si or roughened NP seeds). Using

GLAD, a columnar structure develops with columns inclined

towards the direction of the deposition. Obviously, the porosity

of the coatings is greatly increased when it is deposited over the

preseeded NPs. This approach also offers the possibility to com-
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bine different materials, and hence, to independently tune the

surface morphology and the chemical composition. Thus, it

represents an attractive route for designing nanocomposite coat-

ings with advanced properties.

Figure 16: SEM images with combined top view and cross-sections of
the deposits produced as a result of RF magnetron sputtering of nylon:
a) normal deposition on blank Si substrate; b) GLAD at 80° on blank Si
substrate; c) normal deposition over preseeded nylon-sputtered NPs;
d) GLAD at 80° over preseeded nylon-sputtered NPs (reprinted from
[81], with permission from Elsevier).

Conclusion
Plasma polymer NPs have great potential and may provide a

valuable addition to the field of nanoscale-dispersed polymers.

The involvement of gas aggregation cluster sources in the pro-

duction of plasma polymer NPs opens new horizons in precise

tuning of their size, shape, chemical composition, surface

charge and wettability. There are great potential benefits for the

use of plasma polymer NPs in photonics, nanomedicine and

other applications, but also significant challenges remain unre-

solved. Fundamental knowledge on the mechanisms of plasma

polymer nanoparticle formation is still far from being complete.

Although rich information regarding the nucleation and growth

of nanoparticles in organosilicon and hydrocarbon plasmas is

available, a deep understanding of these processes for other pre-

cursors is missing. The lack of knowledge is especially striking

in the field of the plasma-based fabrication of functionalized

polymeric NPs and core@shell NPs, which remains in its

budding stage. The retention of specific functional groups,

control over their concentration, control over the cross-link den-

sity and the concentration of radicals captured within plasma

polymer NPs, control over the morphology and shape of NPs,

and nanophase separation within core@shell NPs are only a few

issues that scientists in this research field face. The solution of

these issues requires finding correlations between the proper-

ties of the plasma (energy distribution functions, plasma densi-

ty, floating and plasma potential), the gas phase composition

and the gas flow dynamics. Therefore, future research work

should join efforts of scientists with different expertise to cope

effectively with these complex issues.
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Abstract
A polymer nanocomposite was produced by ultrasonic-assisted dispersion of multiwalled carbon nanotubes (MWCNTs) in a poly-

carbonate matrix using p-xylene and dichloromethane as the solvents. The filler loading was varied from 1 to 3 wt % in order to ex-

amine the effect of MWCNTs on the structure and properties of the composites. The nanocomposites were characterized by DSC,

DTA, TGA, UV–vis, FTIR and Raman spectroscopy to evaluate the changes induced by the filler in the polymer matrix. UV–vis,

FTIR and Raman spectroscopy measurements confirmed the presence of the dispersed phase in the composite films, while TGA

and DSC analysis of the nanocomposites revealed enhanced thermal stability and decreased crystallinity, respectively, as compared

to the neat polymer. The proposed composites can find application in a number of everyday products where polycarbonate is the

base polymer.

2026

Introduction
Polycarbonate (PC) is a polymer with remarkable mechanical

and optical properties, broadly used for water bottles, monitor

screens and aircraft interiors but also in business buildings and

automotive light covers [1]. Some of these applications involve

extended daylight exposure, which, especially due to UV radia-

tion, induce progressive, irreversible changes affecting the life-
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time, for example, optical polarization, which is associated with

crystallization [2,3]. PC is an amorphous polymer with very low

crystalline content, estimated at 1–2 wt %. Not only does UV

exposure induce PC ageing, leading to crystallization, but also

some solvents as well. They are thought to cause changes in

chain conformation, which is associated with the presence of

spherulite aggregates that are visible even under low magnifica-

tion. Conventional thermoplastic processing is used to manufac-

ture distinct PC products, where triazole compounds are com-

monly used as additives to stabilize PC and to retard the

yellowing of PC upon exposure to light [4]. However, triazoles

have serious thermal stability issues at the hot embossing tem-

perature of PC. It has been suggested that the addition of

MWCNTs can significantly change the mechanical properties

of PC, as well as affect the crystallization behavior [5].

In former work, the effect of adding gold nanoparticles on the

optical properties of PC was investigated [6]. Herein, we inves-

tigated the effect of MWCNT loading on the solvent-induced

crystallization behavior of PC, eventually providing a better

understanding that is useful for possible future control this phe-

nomenon in PC-based consumer products. Proper filler disper-

sion is a common issue in obtaining good quality nanocompos-

ites, especially in the case of high aspect ratio fillers such as

CNTs. The efficiency in minimizing the amount of entangled

bundles of MWCNTs and ensuring proper dispersion of them in

the polymer matrices influences nearly all relevant properties of

the composites [5,7]. Among the methods used for introduction

of MWCNTs into the polymers [8], solution-based approaches

ensure several advantages over direct melt mixing with respect

to improved dispersion of the nanofillers within the polymer

matrix due to lower viscosity of the dispersion media. Thus, we

used p-xylene and dichloromethane solvent to mix MWCNTs

and prevent their agglomeration induced by strong van der

Waals forces. Previous work carried out on PC/MWCNT com-

posites with focus on the mechanical properties showed an

increase in the storage modulus obtained from indentation mea-

surements at loadings as high as 10 wt % [9]. However, to the

best of our knowledge, this is the first time that this composite

system is investigated in detail for crystallinity and thermal

stability. The research activity and procedures adopted during

this work and reported here are in agreement with the predeter-

mined objectives of the COST action Multi Comp CA15107

[10], aiming to improve the dispersion and stability of carbon-

based suspensions and polymer composites.

Experimental
Materials
Commercial MWCNTs were used (FutureCarbon GmbH,

Bayreuth, Germany), having a nominal diameter of 50 ± 20 nm

and a length of 1–15 µm. PC pellets were used (Makrolon®,

Bayer), having nominal density of 1.19 g cm−3, molecular

weight of ≈Mw 54000 and polydispersity of 1.77. p-Xylene and

dichloromethane of analytical grade (99.99% purity) were used

(Sigma-Aldrich, Italy) without further purification.

Nanocomposite film preparation
The pretreatment of PC, dispersion of MWCNTs and prepara-

tion of composite films was carried out using the following pro-

cedure. Since PC is a hygroscopic material with a tendency to

absorb moisture from the environment, it was preheated in a

vacuum oven at 120 °C for 4 h before processing. The moisture

absorption was estimated at around 1–3% per day. After drying,

the MWCNTs were dispersed in a solvent mixture of p-xylene

and dichloromethane in 1:8 vol/vol at a concentration of 3 g/L

and mixed using an ultrasonic bath (Fisher Scientific, FS60,

Italy) operating at 40% amplitude for a total time of 30 min

with on/off cycles (4 s and 2 s, respectively) in order to prevent

heating which could occur during acoustic cavitation. The

initial swelling of MWCNT agglomerates by solvent infiltra-

tion and interaction was considered as a crucial precondition to

obtain a good dispersion of MWCNTs inside the polymer

matrix [7]. Similarly, PC was separately dissolved in the same

solvent mixture used to disperse MWCNTs at a concentration

of 37 g/L. Then, a given amount of MWCNT dispersion was

added to the PC solution in such a way as to obtain the predeter-

mined MWCNT loading versus PC and mixed using a vortex

mechanical agitator followed by sonication for thorough mixing

of the two components without agglomeration. The obtained

nanocomposite solutions (at different MWCNT loadings of 0, 1,

2 and 3 wt %) were cast into glass Petri dishes filled up to simi-

lar levels in order to maintain similar film thicknesses. The

casted materials were allowed to dry at room temperature for

24 hours to obtain transparent nanocomposite films. The film

thickness was estimated at 220 ± 50 µm, as determined by a

screw gauge micrometer.

Characterization
The dispersion of MWCNTs in PC, as achieved in the cast

films, was characterized by UV–vis spectrometry using a Cary

6000i spectrometer by Varian, UK, in double beam configura-

tion with empty reference sample position.

Fourier-transform infrared spectroscopy (FTIR) of PC/

MWCNT composites with different loadings was carried out in

the range of 600–4000 cm−1 on a Bruker Vertex 70 spectrome-

ter, Bruker, Madison, USA. The samples were analyzed in

attenuated total internal reflection absorbance mode, with an

aperture diameter of 3 mm and a spectral resolution of 4 cm−1.

For an optimal signal-to-noise ratio, 64 scans were averaged per

sample spectrum and apodized. All the spectra were normal-

ized thereafter.
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Figure 1: Optical stereomicroscope images (30× magnification) of PC composite films at different MWCNT loadings: a) 0, b) 1, c) 2 and d) 3 wt %.
Scale bar: 100 µm, same for all images.

Raman spectra were acquired with an inVia micro-Raman spec-

trometer by Renishaw, Gloucester, UK using a He–Ne laser ex-

citation source emitting at a wavelength of 632.8 nm with a 20×

objective. The data acquisition time was 30 s. The slit provided

a spectral resolution of 1 cm−1. Instrument calibration was per-

formed using silicon samples.

To investigate the stability, purity and thermal resistance of the

materials, thermogravimetric analysis (TGA) was used [11-14]

(TGA/DSC-1, Mettler-Toledo, Italy). Simultaneous differential

thermal analysis (DTA) was used to characterize the nanocom-

posites in nitrogen (flow rate 50 mL/min) from RT to 800 °C at

a ramp rate of 10 °C/min. The TGA/DTA instrument was cali-

brated with standard weight indium standards for DTA heat

flow.

A differential scanning calorimetry (DSC) instrument (Pyris

Diamond by Perkin Elmer, UK) was used to record the thermal

profile. DSC measurements were performed with an initial mass

of ≈3 mg. All the tests were carried out in a nitrogen atmo-

sphere at a flow rate of 30 mL/min at a heating rate of

10 °C/min. The DSC instrument was calibrated by using In and

Zn as a standard.

Results and Discussion
Spectroscopic analysis
The typical quality of the nanocomposite films investigated in

the present study is demonstrated by the low-resolution optical

micrographs presented in Figure 1. The presence of occasional

Figure 2: UV–vis absorbance of composite samples with different
MWCNT loading.

micrometer-scale aggregates upon drying is evident, especially

at higher MWCNT loading, yet the presence of submicrometer-

scale filler particles throughout the polymer matrix is also ob-

served even at the highest MWCNT loading (see Figure 1d).

UV–vis absorption spectra of the PC/MWCNT composite films

are presented in Figure 2. Good dispersion is crucial for optimal

optical properties and ensures maximum surface area for filler/

polymer matrix interaction. The absorption band observed at

around 289 nm could be assigned to the individual MWCNTs

due to the one-dimensional van Hove singularities [15,16]. The
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Figure 3: a) FTIR absorption spectrum of the PC/MWCNT composite films at different loadings (inset: structure of PC). Zoomed area in the
b) carbonyl and c) ester group spectral region.

absorbance band intensity increases with increasing filler

loading with maximum absorbance observed for the composi-

tion with 3 wt % loading of MWCNTs. This absorption is char-

acteristic of individually dispersed MWCNTs, whereas strongly

bundled MWCNTs do not show an absorption band in

200–1200 nm wavelength region as their photoluminescence is

quenched or the carriers are tunneling between the nanotubes

[17]. Also the absorption spectrum decreases slowly in the

362–289 nm range due to scattering in the lower wavelength

range. These results are an indication that the nanotubes exist as

large agglomerates and are strongly entangled before sonica-

tion and that the sonication treatment in polar solvent helps to

overcome the van der Waals interaction in the nanotubes, even-

tually leading to better dispersion.

Figure 3 shows the normalized FTIR absorption spectra of prin-

cipal absorbance bands of the investigated PC/MWCNT nano-

composite films. FTIR spectroscopy demonstrated to be a use-

ful tool to investigate the structural changes in different materi-

al systems [18-20].

The characteristic IR bands of C–H from the aromatic rings are

observed in the 2927 to 3000 cm−1 region, together with the

carbonate linker/carbonyl functional group (C=O) deformation

at 1790 cm−1. The stretching of the C–C bond from the phenyl

group (benzene ring) occurs at ≈1600 cm−1 and the C=C bond

vibration at 1504 cm−1. The stretching of the ester group

(O–C–O) occurs from 1165 to 1232 cm−1 [21]. Comparing the

spectral band of bare PC with the 1, 2, and 3% MWCNT-loaded
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nanocomposites reveals that the carbonyl band (C=O) in the

spectrum of the former is shifted from 1788 to 1768 cm−1. The

C=C band at 1518 cm−1 is shifted to 1504 cm−1 and the bands

at 1233 and 1200 cm−1 in the region of the asymmetric O–C–O

stretching vibration are transferred to a band at 1218 cm−1 with

a shoulder at 1258 cm−1. The changes in the observed shift and

intensity clearly indicate a change in crystallinity of the nano-

composites after nanotube loading.

The Raman spectra of the different PC/MWCNT composite

films are shown in Figure 4. The blue curve represents the spec-

trum of bare PC, with the full fingerprint of the polymer in the

region around 3000 cm−1. The other curves show the spectra of

composites with different loading, which are normalized to the

G’ overtone band of MWCNTs at 2683 cm−1. In these spectra,

the characteristic peaks for MWCNTs at 1342 cm−1 (D band)

and 1580 cm−1 (G band) are clearly observed [22]. Additional-

ly, one can see that upon increasing the MWCNT loading, the

peaks characteristic of PC are depressed. Also, the peak around

1600 cm−1 undergoes doublet formation with overall shifting

towards lower wavenumbers, which reveals the interaction be-

tween MWCNTs and PC [23].

Figure 4: Raman spectra of PC/MWCNT composite films at different
MWCNT loadings.

Thermal analysis
Figure 5 shows the TGA/DTG and DTA analysis of the PC/

MWCNT sample with 1 wt % loading. The profiles of the other

composites (2 and 3 wt %) were qualitatively similar, apart

from the shift in final wt % level and have not been included for

the sake of clarity. No change in mass is observed in Figure 5

around 100–200 °C, indicating that the nanocomposite is free

from any absorbed solvent or moisture. The major mass loss of

around 80% occurred from 400 to 525 °C, and is due to the de-

composition of the polymer matrix. The residual mass of 20% is

comprised of both the MWCNTs and the amorphous carbon,
Figure 6: DSC profile of the PC/MWCNT film at 1 wt % loading.

which obviously comes from the organic matrix. DTA reveals a

broad, exothermic peak followed by a small shoulder, which is

believed to be due to the interaction and thermal expansion of

MWCNTs in the PC matrix. No other thermal changes are ob-

served after 700 °C.

Figure 5: TGA/DTG and DTA analysis of the PC/MWCNT films at
1 wt % loading under N2 flow. The inset in the lower panel shows the
zoomed image of the DTA plot in the region of highest mass loss.

Figure 6 shows the DSC analysis of the PC/MWCNT film with

1 wt % loading, in both heating as well as cooling cycles. The

DSC curve of the nanocomposite in the heating cycle exhibits a

glass transition temperature at ≈143.5 °C. No amorphous

polymer can exhibit a melting transition, as melting is a first-

order transition occurring only for crystalline polymers. Howev-

er, an endothermic peak followed by a shoulder with the

enthalpy heat of fusion (27 J/g) is observed at 224.4 °C. This

might be due to the possible ordered structure or segmental

chain mobility of PC macromolecules changed due to the inter-

action of the MWCNTs. The lack of a cold crystallization peak
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appearing in the cooling cycle could be due to the enthalpy re-

laxation or mesophase transitions. The glass transition ob-

served in the cooling cycle is 9 °C less than the heating cycle.

Conclusion
PC/MWCNTs composites were prepared as transparent films.

The presence of a dispersed, uniform phase in the composite

films was confirmed. Vibrational spectroscopy was used to

assess the change in behavior of the polymer matrix when

adding the selected fillers and to discriminate the crystalline/

amorphous balance behavior induced thereof. The fillers de-

creased the crystallinity as compared to the bare polymer. Ther-

mal analysis allowed interpretation of the effect of filler loading

into the PC matrix in terms of thermal stability, which was sig-

nificantly enhanced with respect to the bare polymer. It can thus

be speculated that MWCNT fillers influence the likely solvent-

induced crystallization in PC. We think that the demonstrated

study is promising and could help the research community in

this area. The investigated composites, upon further characteri-

zation (e.g., by thermocycling or other artificially accelerated

aging protocols), could possibly be a candidate for replacement

of bare PC in a variety of applications.
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Abstract
The orientation and arrangement engineering of carbon nanotubes (CNTs) in composite structures is considered a challenging issue.

In this regard, two groups of in situ and ex situ techniques have been developed. In the first, the arrangement is achieved during

CNT growth, while in the latter, the CNTs are initially grown in random orientation and the arrangement is then achieved during

the device integration process. As the ex situ techniques are free from growth restrictions and more flexible in terms of controlling

the alignment and sorting of the CNTs, they are considered by some as the preferred technique for engineering of oriented CNTs.

This review focuses on recent progress in the improvement of the orientation and alignment of CNTs in composite materials. More-

over, the advantages and disadvantages of the processes are discussed as well as their future outlook.
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Review
Introduction
Carbon is one of the most abundant elements comprising the

world around us. Before 1985 graphite and diamond were the

only known structural forms of carbon [1]. In 1991, Iijima

discovered a new carbon structure which later became known as

the carbon nanotube (CNT) [2]. Depending on the number of

walls in the structure, CNTs are categorized as single-walled

CNTs (SWCNTs), double-walled CNTs (DWCNTs) or multi-

walled CNTs (MWCNTs). A SWCNT is the result of rolling a

graphite sheet, and a MWCNT consists of many coaxial single-

walled tubes nested inside each other. Considering the excel-

lent mechanical and electrical characteristics of CNTs, interest

in using them in industry is increasing every day. Various

industrial applications of produced CNT composite materials,

especially electronic, military, and new composites, has drawn

the attention of researchers to this topic in recent decades [3-5].

Figure 1 and Figure 2 represent the growth rate of papers and

patents and the fields of application of CNTs in the past

16 years, based on Scopus data, respectively.

https://www.beilstein-journals.org/bjnano/about/openAccess.htm
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Figure 1: Number of papers and patents published in the past 16 years on the topic of CNTs. The numbers were determined based on a Scopus
search spanning from 2000 to 2016 using the keywords: carbon nanotubes and CNT.

Figure 2: Subject areas of papers published in the past 16 years on the topic of CNTs. The numbers were determined based on a Scopus search
spanning from 2000 to 2016 using the keyword carbon nanotubes.

As indicated, the areas of research regarding CNTs are vast and

extend to several subcategories. In each subcategory issues such

as structural uniformity, dispersion and stability, superficial

defects, and intermolecular and composite interactions are very

important [6-8].

Nowadays, the biggest challenge in using all the capabilities

and exceptional properties of CNTs in the production of new

materials is essentially the limitation of a lack of uniform struc-

ture which could be obtained by controlling their sorting and

orientation. Because the properties of CNTs vary according to

size and shape (diameter, length and whether they are open- or

close-ended), their arrays and arrangement in composite materi-

als may lead to different properties.

For example, in their recent research, Nam et al. have shown the

effect of diameter in a composite material containing aligned

CNTs [9]. This study showed that composites fabricated with a

smaller average diameter have significantly better mechanical

properties. Gulotty et al. have reported that CNTs with a longer

and larger diameter more efficiently improve the thermal

conductivity of polymer composites [10].
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Furthermore, it has been shown that for biological applications

the CNT diameter and length are critical parameters in protein

corona formation and biocompatibility [11,12].

In another research investigating the effect of aligning CNTs in

composite material structures, a remarkable improvement in the

electrical properties of CNT composites was observed, as com-

pared to their random placements [13]. In recent research re-

ported by Lee et al., two factors, the CNT length and their

arrangement, were introduced as important characteristics

affecting electron transport properties in the matrix of compos-

ite materials [14].

CNTs are excellent alternatives to metal oxides for metal-free

catalysis [15] or in synergy with metal oxides [16,17], espe-

cially for sustainable energy applications [18,19]. Because of

their electronic properties, CNT composites offer unmatched

opportunities for conductive tissue regeneration [20], particular-

ly if alignment, and thus 3D anisotropy, is achieved for the

engineering of cardiac [21], muscle [22] and nerve tissues [23].

Finally, CNT properties can be fine-tuned upon chemical func-

tionalization. However, the latter characteristic needs to be

well-balanced in order to prevent degradation of the CNT prop-

erties [24-26].

The results of these studies and similar reports indicate that

methods by which the arrangement of CNTs can be controlled

and adjusted are of great importance. In fact, if nanocomposites

with an adjusted arrangement and desired distribution of CNTs

could be produced, then our expectations about the properties of

CNT nanocomposites could be fulfilled [14,27-30].

In terms of processing techniques, the arrangement and align-

ment of CNTs in a matrix of composite materials are divided in

two categories. In the first category alignment is arranged

during growth, where the regular placement of catalyst nanopar-

ticles on the substrate leads to growth of CNT masses in regular

rows. In the second category, the arrangement occurs after

growth. There have been several review articles written about

the alignment methods of CNTs [6,31-35]. However, most of

these focus on the synthesis of aligned CNTs, and the number

of methods reporting the arrangement of CNTs after their pro-

duction is limited.

In this paper, arrangement techniques utilized after the growth

of CNTs, regardless of the orientation of the CNTs, are specifi-

cally reviewed. In these techniques, CNTs are added using

various methods as an additive to the structure of the desired

material to attempt to align the CNTs in the network of compos-

ite material. The uniform alignment is obtained to achieve

the expected desirable and unique properties for CNTs.

Figure 3: SEM image of a CNT/polymer film. The oriented CNTs are
indicated in the fractured part of the composite. Reproduced with
permission from [33], copyright 2009 Versita Warsaw.

Furthermore, methods for characterization and evaluation of

CNTs (regarding their arrangement) are presented and dis-

cussed.

Post-growth sorting of CNTs in a composite
material structure
As mentioned above, the methods for arranging CNTs are

divided into two main categories: orientation during growth (in

situ) and post-growth (ex situ). In post-growth orientation pro-

cesses, the CNTs are initially produced using conventional

methods. Then, by applying a distinct process, they are arranged

for a specific purpose. Compared with in situ methods, ex situ

methods do not have limitations in the production of CNTs,

such as restriction on the substrate type and processing tempera-

ture, and also the variety of their final product is much greater.

In the following, the post-growth sorting methods are discussed

in more detail.

Carbon nanotube/polymer film stretching
By dipping a polymer substrate into a well-dispersed CNT solu-

tion a thin layer of CNTs is set on the polymer, and then the

clamped opposite edges of the substrate are uniaxially stretched.

A relatively warm air flow (approximately 60–100 °C) is used

during the stretching process to keep the polymer soft. Then, a

very small but steady twisting action is performed by hand.

During the stretching process, the CNT direction is changed

under the elastic field from the polymer matrix [33] (Figure 3).

The stretching ratio depends on the length ratio of the thin layer

before/after stretching. Yao et al. prepared a MWCNT/

polyvinylidene fluoride (PVDF) nanocomposite at a relatively

high concentration of CNTs and aligned them inside the

polymer matrix by stretching. They reported that a high degree

of alignment was achieved and the composite dielectric proper-

ties changed upon CNT alignment [36].



Beilstein J. Nanotechnol. 2018, 9, 415–435.

418

Figure 4: SEM images of a polystyrene (PS) composite film containing 25 wt % CNTs. (a) Random networked CNTs on the film surface and
(b) oriented CNTs by fracturing, reproduced with permission from [37], copyright 2002 AIP publishing LLC.

Although this method is relatively simple, and some polymers

such as polyethylene can be stretched more than 30 times with-

out failure, its application is limited to the laboratory because of

the inhomogeneous stretching ratio at the edge of films need

manual operation and a skillful operator [17].

Fracture stretching
An ultimate case of stretching is known as fracture and occurs

when a hard polymer composite comprising CNTs, such as

polyurethane (PU) or polystyrene (PS), is stretched too far.

Fracture occurs and the oriented CNTs are formed in the frac-

ture gap as shown in Figure 4. Since CNTs have the desired

electronic properties and the method is easy to perform, this

technique might be suitable for making CNT electronic devices

such as field emitters [6,27,28,31,33,37-39].

In recent research, fracture and stretching processes have jointly

been used to align CNTs in a controlled manner [40]. In this

process, functionalized CNTs were initially well-dispersed in

water using ultrasound and then were sprayed on a nylon mem-

brane or the polymeric membrane was directly dipped in a

suspended mixture of CNTs. By using vacuum evaporation, the

water content of the composite was ultimately evaporated. The

latter CNT–polymer composite was then covered with a poly-

sulfone (PSF) layer. The resulting composite was then pressed

for 10–20 seconds at a temperature of 100–120 °C and pressure

of 106 Pa. Lastly, the composite sheet was carefully peeled off

to form two uniform layers of PSF/nylon/CNTs (Figure 5). In

fact, compression under heat treatment leads to a strong interac-

tion between the membrane surface and CNTs. Because of the

angle of the gap between the two layers and the simultaneous

effects of the shear force and mechanical tensile stretch, a slight

drag force pulls the CNT in the vertical direction. However, the

obtained free CNTs are certainly not vertical relative to the sur-

face of layers. Although the small length of the tubes limits the

angle of the gap, it also leads to a very small angle deviation in

the direction of the shear force. In principle the tubes were not

constrained to be quite vertically oriented, but a microscopic

view showed satisfactory alignment. To keep the CNTs aligned,

the top layer of the CNT/PSF membrane could be coated by

cellulose acetate (CA) solution.

Frictional orientation
The frictional orientation method is known as the doctor blade

(DB) technique or tape casting. This technique is widely used to

produce a variety of thin layers and coat substrates with wet

films. A blade or a spiral film applicator is generally used to rub

the layers. When a polymer layer including CNTs is rubbed in a

certain direction while being softened by a heating process,

elastic forces tend to orient and align the CNTs. Although this

method can be performed automatically, due to damages that

may be exerted on the polymer layer, manual alignment is

preferred [41].

Based on the fundamental principles of this approach, another

method for making thin films of CNTs has been developed

using the same tools. Fluid containing CNTs is spread on a solid

substrate using a spiral film applicator. The surface tension and

viscosity of the fluid are two important factors affecting the

final result of deposition on the substrate. In Figure 6a, a

schematic of a designed tool for this purpose is shown [42].

Carbon nanotube/fibrous composites
Over the last century, fibrous structure nanocomposites have

been extensively considered due to their desirable physical

properties [43]. In this regard, CNT/fibers have obtained a

special spotlight because of their possibility to be arranged in a

controlled way, the dependency of bulk electrical and mechani-
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Figure 5: Fracture stretching method containing two steps, hot press and peel off, to align CNTs. (a) The hot press of the polysulfone (PSF) layer on
the composite film of embedded CNTs on a nylon polymer membrane by spraying suspension until dry, (b,c) peel off the PSF layers from the nylon
layer leading to the aligned CNTs, (d) mask CNT composite film with cellulose acetate (CA) casting solution, and (e) SEM images of aligned CNTs.
Adapted with permission from [40], copyright 2013 Nature Publishing Group.

cal properties of composites on the characteristics of the CNT,

and the ensemble and production ability of the fibers in semi-

industrial quantities [44]. The two methods commonly used to

make CNT/nanofiber are described below.

Electrospinning: Electrospinning (ES) can be used to produce

fibers from a viscous solution of polymer/CNTs, it is also em-

ployed for aligning CNTs in the fibers. In this method, a high

voltage DC current (about 25 kV) is used between a charged

polymer and a metallic collector to produce continuous fila-

ments. Experiments revealed that the functionalized CNTs are

aligned in the direction of the axis of the nanofiber polymers

[45-47]. Figure 7 shows a TEM image of an orientated CNT

embedded in a polymeric fiber.

As the orientation of the fibers also orients the CNTs in the

same direction, in ES, the design of the collector plays the key

role in the regular arrangement of the fibers and in enhancing

the desired composite properties [49-52]. For example, Park et

al. described how better alignment and mechanical and actu-

ating performance of CNT/PVDF ES nanofibers was achieved

by changing the drum collector parameters [51]. Their results

indicated that the mechanical properties were improved up to

300% in the arranged direction.

A standard setup of an ES device, including power supply,

syringe pump, and collector plate, is indicated in the central part

of Figure 8. The upper and lower sections of Figure 8 show

other types of collectors developed to collect the oriented fibers.
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Figure 6: Schematic setup of a spiral film applicator (a) and SEM image of arranged CNTs (b). Adapted with permission from [42], copyright 2009
American Chemical Society.

Figure 7: Schematic structure of an aligned CNT in a polymer
nanofiber. TEM micrograph, adapted with permission from [48], copy-
right 2003 American Chemical Society.

Fiber Drawing: Coagulation spinning is another method

recommended for producing concentrated and aligned compos-

ite nanomaterials. In this method SWCNTs are initially

dispersed in an aqueous solution of poly(vinyl alcohol) (PVA)

and are stabilized using surfactants. By applying the wet spin-

ning method, a web of nanocomposite material fibers is pro-

duced where the arrangement of CNTs and sorting of

nanofibers are done at the same time, as shown in Figure 9 [70].

Recently, direct spinning to a vertical chemical vapor deposi-

tion (CVD) synthesis zone has also been studied and is under

development to produce CNT fibers and ribbons [44,71]. In a

vertical CVD reactor, the CNT fibers are fabricated by drawing

an aerogel of CNTs from the gas phase during growth [44]. The

drawing orients the CNT bundles and can be combined with

other techniques to fabricate diverse composites. The experi-

mental works indicate the ability of the method to produce con-

tinuous CNT fibers with a high degree of orientation on a large

scale. However, catalytic impurities are still the biggest chal-

lenge of this method [72].

Spray winding and layer-by-layer deposition
Two of the latest controlled methods to produce composite

polymer nanomaterial/CNTs are spray winding [73-76] and

layer-by-layer deposition (LBL) [77-83].

Spraying [84-86] and electrospraying [87-92] are efficient

methods to create a homogeneous layer of polymer liquid on the

winding mandrel. Because of the simplicity and adjustability of

the process and potential for use of a wide range of materials,

spraying can be combined with other methods to fabricate com-

posite materials.
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Figure 8: An electrospinning workflow illustrates a standard electrospinning setup, including power supply, syringe pump and collector plate and other
collectors developed to collect oriented fibers. (I) [50,53-55], (II) [56], (III) [57], (IV) [58], (V) [59], (VI) [60], (VII) [61,62], (VIII) [63], (IX) [64], (X) [65].
SEM images: (I) Reproduced with permission from [55], copyright 2005 American Chemical Society, (II) Reproduced with permission from [56], copy-
right 2003 American Chemical Society, (III) Reproduced with permission from [57], copyright 2004 American Chemical Society, (IV) Reproduced with
permission from [58], copyright 2008 AIP publishing LLC, (V) Adapted with permission from [59], copyright 2015 American Chemical Society,
(VI) Adapted with permission from [60], copyright 2010 American Chemical Society, (VII) Reproduced with permission from [62], copyright 2009 Amer-
ican Chemical Society, (VIII) Reproduced with permission from [63], copyright 2008 American Chemical Society, (IX) Reproduced with permission
from [64], copyright 2004 AIP publishing LLC, (X) Reproduced with permission from [65], copyright 2006 AIP publishing LLC. It should be noted that
the electrospinning method is also appropriate for commercial applications due to its high throughput [66-69].
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Figure 10: Spray winding apparatus. Step 1. Stretching the CNT array by passing along the stationary rod. Step 2. Winding onto a rotating mandrel.
Step 3. Fixing with a matrix spray.

Figure 9: Schematic of the experimental setup for the wet spinning
technique, reproduced with permission from [70], copyright 2000 The
American Association for the Advancement of Science.

In this method, a sheet of CNTs is produced by chemical vapor

deposition (CVD) on a SiO2/Si substrate that is coated with a

very thin layer of iron as a catalyst. The CNT rows have been

grown perpendicular to the substrate so that they form a com-

pletely continuous sheet, resulting in a very elastic structure

[93]. Then this elastic sheet is placed on a mandrel and small

droplets of solution are deposited by spraying a dilute solution

of a polymer on the CNT sheet during controlled rotation of the

mandrel. As a result, a layer of polymer/CNT composite materi-

al is formed as shown in Figure 10. Finally, this composite layer

is compressed between two hot plates to remove air bubbles and

enhance the bond between the polymer and carbon nanotube.

This method is highly regarded because of the simplicity of the

manufacturing process, industrial scalability and controllability

of CNTs [94]. Although the alignment of CNTs occurs during

their growth, in the spray winding method, the main orientation

of the CNTs in the matrix of the composite material is carried

out in a separate mechanical method. That is why this method is

classified as an after growth orientation method rather than

during growth alignment.

In the layer-by-layer deposition method, the substrate is alter-

nately and repeatedly dipped into an aqueous solution of func-

tionalized targeted material, and in accordance with the functio-

nalized material, controlled layers are deposited on the sub-

strate. This method can be used to produce very thin and

coherent layers, under mild conditions, in a wide range of com-

posite materials (Figure 11).

This method, accompanied by other methods, can also be used

in membrane manufacturing. In this regard, the spray-assisted

LBL method is employed to produce a thin layer of polyelec-

trolyte/CNT [82]. A 20% solution of MWCNT/ethanol that has

been ultrasonicated for 30 minutes is added to an aqueous

poly(sodium 4-styrenesulfonate) (PSS) solution to produce a

homogeneous PSS solution. Furthermore, poly(diallyldimethyl-

ammonium chloride) (PDDA) aqueous solution is made by

adding the polymer to deionized water. Both resulting solutions

are strong polyelectrolytes and can be ionized in a wide range

of pH. Before producing the film, the polyestersulfone (PES)

substrates are soaked in 25 °C water for 24 hours and the water

is replaced every three hours. Then the spraying process is

carried out with a 0.35 mm nozzle under 20 psi pressure. By

repeating this process, a thin film of PSS/MWCNT-PDDA is

formed on the PES substrate. In this process, the deposition

of PSS/MWCNT on the PES substrate was initiated by hydro-

gen bonds and hydrophobic interactions and the positively

charged PDDA bonds with the PSS/MWCNT layer via electro-

static and van der Waals forces. This scheme is illustrated in

Figure 12.

Inert gas flow
In this method, the CNTs are arranged by flowing a gas along

the substrate. The CNT suspension is deposited drop-by-drop

on a substrate and an inert gas, with a linear velocity of approxi-

mately 10 cm/s, and flows along the substrate simultaneously.

The gas flow concurrently spreads the droplets and also orients

the CNTs in the direction of the gas flow (Figure 13). This

simple method can automatically cover a wide area of the sub-

strate [95].
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Figure 11: Schematic of the layer-by-layer deposition process. Step 1. Wetting a paper tape with water/poly(vinyl alcohol) (PVA). Step 2. Introducing
the assembled CNT layer in the reactor. Step 3. Winding up after drying. Reproduced with permission from [78], copyright 2015 Elsevier.

Figure 12: Layer-by-layer technique to fabricate an ultrathin CNT composite membrane. Reproduced with permission from [82], copyright 2013
Desalination and Water Treatment.

Liquid crystal molecules
When a solid is heated to its melting point it loses its molecular

order and is converted to a liquid with molecules in random ori-

entation. When heated, some materials such as cholesteryl

benzoate first convert to a liquid crystal (LC) phase and then

convert to a liquid. Liquid crystals are made of rod-shaped mol-

ecules that are aligned parallel to each other and show different

properties in different directions (Figure 14). For example, they

become transparent at high frequency and opaque at low fre-

quency.

Because of the unique molecular structure of the liquid crystal

(LC) (i.e., that it can be simply oriented in the direction of an

applied electric or magnetic field) the alignment and dispersion

of the CNTs in a solution of liquid crystals is also achievable

(Figure 15). The biggest advantage of this method is that small
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Figure 13: Schematic setup of the gas flow orientation system including a pipette to distribute the CNT solution and a nozzle to control the N2 flow
direction on the Si substrate. SEM image of aligned CNTs is reproduced with permission from [95], copyright 2005 American Institute of Physics.

Figure 14: Schematic structure of a liquid crystal (blue ellipsoids) and CNT (black cylinders) rearrangement under an external electric field (a) V = 0
(b) V ≠ 0.

fields are required to align CNTs as compared to cases where

liquid crystals are not used. However, difficulties in the prepa-

ration of LC phases, especially at high concentrations, limit its

applications [96-98]. On the other hand, it is known that

progress in CNT alignment using this technology depends more

on the quality of the CNTs than the ability to control the inter-

actions of the CNT and LC [84].

Filtration method
Filtering a well-dispersed and dilute solution of CNTs through a

porous membrane may lead to the arrangement of the CNTs

[99]. A very narrow pore size distribution (a thousand nanome-

ters, approximately) in the membrane structure is needed to

achieve a significant arrangement, which makes the process

slow and inefficient. Furthermore, large masses of CNTs may

quickly block the pores, causing some non-arranged CNTs to be

transferred onto the substrate [100]. Nevertheless, combining

the properties of LCs (as mentioned in the previous section)

with the filtration method was found to effectively enhance the

alignment [101]. Figure 16 shows a filtration apparatus to fabri-

cate the aligned CNT film on the membrane surface.

Forming thin carbon nanotube layers by the pulling
procedure
The method is illustrated schematically in Figure 17. The main

step in this method, known as the Langmuir–Blodgett (LB)

technique, is to immerse a solid substrate into a well-dispersed

CNT solution and slowly and gently pull it out (≤1 cm/min).

The result is the formation of a thin homogeneous layer of

CNTs oriented in the immersing direction. The three factors

controlling the thickness of the layers are the CNT concentra-

tion in the solution, the number of dips and the speed by which
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Figure 15: AFM images of a CNT-thin-film transistor with (a) randomly and (b) well-oriented CNT arrays, adapted with permission from [98], copy-
right 2006 American Chemical Society.

Figure 16: The filtration apparatus to fabricate the aligned CNT film on
the membrane surface. The SEM image confirms the alignment of the
CNTs, adapted with permission from [99], copyright 2016 Nature
Publishing Group.

the substrate is pulled from the solution. The alignment of the

CNTs, in this method, is achieved as a result of capillary forces.

Although the method is slow, because it supports a wide variety

of substrates and the whole process is automatic, it is an appro-

priate method for industrial applications [7,102-104].

Acoustic waves
In this method, surface acoustic waves (SAWs) are used to

align and orient CNTs. SAWs are produced by applying a suit-

able electric field to a piezoelectric material such as LiNbO3.

One set of metallic interdigital transducers (IDTs) intercalated

on the piezoelectric surface introduces the electric field, gener-

ating a SAW displacement amplitude on the order of 10 Å. A

solution of CNTs, produced by using a surfactant such as sodi-

um dodecylbenzene sulfonate (SDBS), is dropped on a thin

silicon layer that has gap-cell electrodes. An acoustic field is

applied to the drops and aligns the CNTs (Figure 18). An elec-

trical circuit is completed by creating a bridge of CNTs be-

tween the electrodes. This method is also used to produce elec-

trical contacts with individual CNTs [28,106,107]; and recently,

the ability of the technique has been investigated to purify

metallic SWCNTs from the mixture species [106].

Magnetic field
The alignment of CNTs using a magnetic field is a unique tech-

nique because of its remote action. One of the most common

methods to apply a magnetic field is to cast the suspension of

CNTs onto a substrate that is placed in the vicinity of a magnet.

While the layer on the substrate is drying, CNTs are aligned in

the direction of the magnetic field. In this case, unlike an elec-

tric field which moves the CNTs, the magnetic field only reori-

ents them. This method is not limited to CNTs and can be used

to align any carbon fiber. Figure 19 indicates the SEM image of

the arranged CNTs in ethanol. In this study, the magnetic field

magnitude was 10 T [108].

Although magnetic field alignment seems to be ideal, due to the

weak magnetic properties of CNTs, it postulates a very strong

magnetic field of ≥7 T. This is why samples are usually placed

inside a very narrow tube of a magnetic superconductor.

Assembling CNTs with magnetic nanoparticles (MNPs) or

packing them with LC molecules may reduce the required mag-

netic field [108-110]. Aleman et al. have recently reported the

ferromagnetism of residual catalysts in CVD growth of CNTs.
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Figure 17: Scheme of the Langmuir–Blodgett technique: (a) the CNT suspension in the LB device, (b) the preparation of films by barrier compression,
(c) substrate dipping vertically, and (d) atomic force microscopy (AFM) images of the aligned CNTs, adapted with permission from [105], copyright
2007 American Chemical Society.

Figure 18: Schematic view of the experimental setup for surface acoustic wave (SAW)-based CNT arrangement. (a) Micrographs of the CNT suspen-
sion before applying the SAW field and (b) applying the SAW field and formation of the CNT patterns. Scale bar is 50 μm. Optical microscope images,
reproduced with permission from [106], copyright 2013 AIP Publishing LLC.

This work shows that adjustment of the size and shape of the

catalyst nanoparticle can control the CNT ferromagnetism be-

havior. This phenomenon can be effective in developing the

method [111].

The magnetic field strength and sample size are the limiting pa-

rameters of this method. Moreover, as previously mentioned,

the CNTs are aligned in the direction of the axis of electrospun

nanofiber polymers. In new research, well-aligned electrospun
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Figure 20: Schematic of a general dielectrophoresis (DEP) system to fabricate the oriented CNT patterns by an AC electric field. The SEM image of
the aligned CNTs adapted with permission from [115], copyright 2011 American Chemical Society.

Figure 19: SEM image of CNTs arranged in ethanol by a magnetic
field, reproduced with permission from [108], copyright 2009 Science
and Technology of Advanced Materials.

nanofibers containing MWCNTs were successfully fabricated

by a magnetic field [110].

Electric field
The alignment and orientation of CNTs by an electric field is

applied in two ways: as electrophoresis (EP) and dielec-

trophoresis (DEP). EP is the transport of charged particles

through a medium enforced by a uniform electric field. This

method has some limitations as the particles must be charged.

DEP is also a phenomenon related to electrophoresis but with

some important differences. It uses a nonuniform electric field

to enforce uncharged particles to move. In this method, small

droplets of a CNT suspension are placed on a substrate that has

some interdigitated electrodes. After applying an AC electric

field, the CNTs are aligned between the electrodes. This prod-

uct is widely used in electrical CNT equipment. A DC electric

field is not suitable because it causes the accumulation of CNTs

near one of the electrodes. Another advantage of this method is

the possibility of separating metallic CNTs (m-CNTs) and semi-

conducting CNTs (s-CNTs). Because of different the responses

to an electric field, m-CNTs are attracted to the electrodes while

s-CNTs are eliminated from the substrate by the flow of fluid.

Although this method is simple, its success depends on many

factors including the CNT concentration in the solution, the

electric field strength (103 V/cm) and its frequency (kHz–MHz)

[112-115]. A system of aligning SWCNTs using an AC electric

field is shown in Figure 20.

Other techniques
Besides the above techniques summarized in Table 1, there are

other less widespread methods such as the dip-pen nanolithog-
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Table 1: A summary of the discussed techniques for the orientation and arrangement of carbon nanotubes.

Technique Effective
forcea

Phase
applicationb

Advantage Restriction Ref.

stretching M S high degree of alignment and high
production rate

scale-up [33,38]

fracture M S simple setup not easy to control [6,27-29,31-
34,38,39]

doctor blade (DB) M S simple setup, ability to use various
substrates

destructive [41,42]

filtration M L simple setup slow, inefficient [100]
electrospinning (ES) E S simple setup, high degree of

alignment, fast
unusable for all polymers,
effectiveness depends on
quality of CNT dispersion

[45-47]

layer-by-layer (LBL) M/Ch L/S flexibility combined with other
methods, widespread usage of
materials in various shapes

compatibility of materials
used as varied layers

[40,78-83,
93,94,103]

gas flow M L simple setup scale-up [95]
Langmuir–Blodgett
(LB)

M/Ch L flexibility combined with other
methods, useful for fabrication of
electromagnetic devices on a large
scale

effectiveness depends on
CNT suspension and
minimization of
intermolecular interactions

[7,102-104]

acoustic waves M S ability to scale up for fabrication of
large-area planar structures and
composite material, fast

limitations on the type of
materials (low viscosity
thermosets)

[28,106,107]

magnetic field MG L/S real-time manipulation and
engineered patterning of CNTs,
high degrees of orientation, use in
electronic devices

small sample, requires high
magnetic field, hindrance in
industrial mass production

[108-110]

electrophoresis (EP)/
dielectrophoresis
(DEP)

E L/S real-time manipulation and
engineered patterning of CNTs,
high degrees of orientation, use in
electronic devices

small sample
requires high voltage

[112-115]

liquid crystal (LC) M/Ch/E/MG L requires small fields for orienting
CNTs, use in electronic devices

unusable for various
materials, depends on CNT
quality

[96,97,120]

aM = Mechanical, Ch = Chemical, E = Electrical, MG = Magnetic; bL = Liquid, S = Solid.

raphy technique [116], uniaxial pressure technique [117,118]

and the use of femtosecond laser pulses [119], which are not

presented here.

Evaluating the arrangement and alignment of
CNTs
After describing the techniques that can be implemented to

align CNTs, understanding the methods for evaluating and char-

acterizing them is necessary. These methods are, based on the

nature of identification, classified into three main groups:

microscopic analysis methods, phase analysis methods and sur-

face analysis methods.

Microscopic analysis methods
The aim of these methods is to create magnified images of the

material. The resolution is determined according to the lowest

achievable concentration of rays. For example, a resolution of

about 1 μm and of about 1 Å is achievable by using optical and

ion microscopes, respectively. In analyzing the alignment of

CNTs, the most common microscopic methods are atomic force

microscopy (AFM), transmission electron microscopy (TEM),

scanning electron microscopy (SEM) and scanning transmis-

sion microscopy (STM).

Electron microscope: By changing the curvature and number

of lenses (concave or convex) in the optical microscope we can

enlarge the images; but images at a magnification of higher than

2000 lose resolution due to the long wavelength of light. The

resolution is the shortest distance between two points that can

be distinguished as separate points.

An electron microscope uses a beam of electrons instead of

light. Because the electron wavelength is very short, images can

be magnified up to a million times or more in some electron

microscopes. However, using electron beams creates certain

constraints. The first limitation is that images are in black and

white because, unlike light, the electron beam does not carry

color information. However, in modern in systems with image
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analysis software, a pseudo-color image can be obtained by

adding artificial colors to the grayscale image. The second limi-

tation is that, unlike light, electrons cannot easily move in the

air; therefore, a very strong vacuum is needed along the path of

the electrons and also in the sample chamber. Vacuum is

usually created by using a rotary pump and a diffusion pump.

The complementary information is available in detail in refer-

ence books [121-124].

Three types of electron microscopes are used in analyzing the

alignment and arrangement of CNTs. The first type is a scan-

ning electron microscope (SEM), in which electrons are emitted

and reflected from the surface of the sample, then they are

collected by the detectors and converted to photons of visible

light to create a visible image. These images offer useful quali-

tative information about the placement and alignment of CNTs,

the diameter distribution and their relative purity [125].

The second type, TEM, is one of the most useful and important

techniques used in research on CNTs. In this method, the size

and shape of particles are determined by a resolution of a few

tenths of a nanometer, which depends on the type of material

and equipment that is used [124]. Nowadays, high-resolution

TEM (HR-TEM) is used in analyzing properties of nanostruc-

tured materials.

The third type, AFM, is a technique that is used to study the

structure and properties of materials at the nanometer scale.

Flexibility, having multiple potential signals, and the capability

of operating under various conditions have enabled researchers

to examine a wide variety of surfaces under different environ-

mental conditions. Furthermore, this technique can work in a

vacuum, air, and liquid environments. Unlike other methods of

analyzing surface properties, most of the time there is no funda-

mental limit to the type of surface and environment in this

method. With this device, it is possible to analyze conductive or

insulating, soft or hard, solid or powder, biological, and organic

or inorganic surfaces. This device can measure geometric mor-

phology, adhesion distribution, friction, surface impurities,

texture, elasticity, magnetism, chemical bonding forces, distri-

bution of electric charges and electric polarization in different

parts of the surface. In practice, this feature is used to study

corrosion, cleanness, uniformity, roughness, adhesion, friction,

size, etc. AFM, like SEM and TEM, is a suitable technique to

characterize the alignment of CNTs, especially horizontal align-

ment; for instance, when the CNTs grow horizontally on a sub-

strate made of quartz [126].

Phase analysis methods
In these methods, the crystal structure or the minerals in the ma-

terial are identified. For example, the type and percentage of

oxides contained in a sample can be identified and measured.

The most famous phase analysis method is X-ray diffraction

(XRD) spectroscopy. XRD is used to determine most of the

properties of a crystal structure such as lattice constants, lattice

geometry, recognition of unknown materials, crystalline phases,

size of the crystal, single crystal orientation, stress and lattice

defects [127-129]. This method is based on the fact that X-rays

are electromagnetic waves with a wavelength on the order of

5.0 to 2.5 Å.

2D detectors are very helpful to record XRD patterns. Cao et al.

have shown that the degree of CNT alignment can be deter-

mined by the peak intensities in XRD patterns. Figure 21 shows

four samples with different alignments and their XRD results. It

indicates the intensity of the (002) peak is enhanced if the CNTs

in the sample are less aligned [130].

Small-angle X-ray scattering (SAXS) is a method for evalu-

ating the particle size distribution or nanohole size distribution

in the sample. This sample can be amorphous, crystalline or a

macromolecule (e.g., polymer molecule). SAXS provides infor-

mation about electron density fluctuations that occur in the sam-

ple that is calculated by analyzing the intensity of scattered

X-rays with a scattering angle of 0.1–5°. The local inhomo-

geneity in amorphous materials, colloidal particles, and agglom-

erated particles can be identified by this method.

Also, long-range order and the distance between the particles in

a collection of polymer molecules can be determined by using

SAXS and structural models. This method is non-destructive

and can be used for analyzing samples that are not transparent

to visible light.

SAXS can identify particles or holes between 1 to 100 nm.

Accurate determination occurs for a particle size of 1 to

10 nm size; however, it can also be used for particles with sizes

outside of this range. The average size of the particles or holes

can be obtained by the shape. By using SAXS, the surface-to-

volume ratio can also be determined. In the case of CNTs,

SAXS provide both quality and quantity information on the

nanoscale, such as average diameter and orientation, respective-

ly. This is due to the mesoscopic size of the X-rays, which is

typically on the order of a few hundred micrometers. This

dimension is small relative to the typical millimeter scale of the

whole aligned CNT sample and large in relation to individual

CNTs on the nanoscale. Thus, a small region of the CNTs

can be probed by SAXS beams to get some information about

millions of CNTs. The mesoscopic size scale of scattering tech-

niques has been used to reveal information about the alignment

of CNTs in CNT fibers [131], the average diameter and orienta-

tion of CNTs grown on substrates [132,133], dispersion of
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Figure 21: XRD results and SEM images of CNTs with various degrees of alignment: (a) as-grown straight CNT arrays with good alignment,
(b) as-grown curled CNTs with less alignment, (c) disordered CNT arrays, (d) disordered CNT arrays. The substrate causes the broader peak at 20°
and the intensities in (a) and (b) to be increased by times. Reproduced with permission from [130], copyright 2001 Elsevier.

CNTs in liquids [134], and the sorting of CNTs in CNT bundles

[135].

Surface analysis methods
The surface of a solid does not present the same chemical

condition as compared to the bulk because of its connection

with the surroundings. The surface plays an important role in

many applications and processes, especially in alignment and

arrangement of CNTs. Also, the chemical composition of the

surface is different in the bulk due to the placement of func-

tional groups on the CNT surface. Thus, generalizing the chem-

ical analysis results of a bulk sample from the surface analysis

would not be accurate. On the other hand, bonding at the CNT/

polymer interface (covalent, van der Waals) also plays a deci-

sive role to enhance the uniformity of the CNT dispersion into

the polymer matrix [136]. Therefore, to obtain the desired prop-

erties of CNT/polymer composites, such as the thermal, me-

chanical and electrical properties [8,10,137], the characteriza-

tion of surface properties including the CNT surface orientation

and surface defects are also important [138-140]. The defects

can have both positive (increasing the bonding at the interface

and between carbon structures [25,137,139,141]) and negative

(reduction of the quality of physical properties [10,141]) effects

on the application and quality of composites.

For this aim, many techniques have been developed such as

Raman spectroscopy, Fourier-transforms infrared spectroscopy

(FTIR) and X-ray photoelectron spectroscopy (XPS).

Raman spectroscopy: Raman spectroscopy is a powerful tool

to identify and quantify samples. This method gives significant

information about molecular vibrations. The technique involves

the excitation of a sample with a monochromatic light source

(i.e., laser) and collecting the scattered light. The Raman spec-

tra of CNTs can be identified with the radial breathing mode

(RBM), tangential mode (G-band), disorder-induced mode
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Figure 22: FE-SEM micrographs presenting the microstructural morphology of (a) random and (b) aligned CNT sheets with polarized Raman spectra
at 0° and 90°. Reproduced with permission from [142], copyright 2016 Elsevier.

(D-band), and other Raman features, determining the physical

properties of the material. The G-band intensity as a function of

the angle of polarization for individual CNTs can be related to

their arrangement so that the G-band intensity of well-aligned

CNT bulk materials should be higher than that of less-aligned

CNTs. Figure 22 shows field emission (FE)-SEM micrographs

of two CNT samples with random and aligned orientation and

their polarized Raman spectra at 0° and 90° (0° related to the

polarization direction of the laser light where it is parallel to the

CNT alignment direction, and 90° related to the laser light po-

larization direction where it is perpendicular to the CNT align-

ment direction). As indicated in the graph, the ratio of the

G-mode to the D-mode (R) has increased [142].

The composites analyzed by Raman spectroscopy typically

have very strong CNT signals that mask the signals of other

organic components. In such cases, tunable UV Raman spec-

troscopy may be used, although this technique is rarely used.

Fourier-transform infrared spectroscopy: FTIR is often used

to characterize molecular bonding on the CNT surface and to

determine the modification of the CNT structure by adding

compounds. It is very difficult to get a good FTIR spectrum of

CNTs, thus attenuated total reflection (ATR) FTIR can be used

(except with carbon crystal, when germanium is more suitable).

The investigation of the intermolecular interaction between the

polymer chain and CNT by FTIR can confirm the results of ob-

servations [137,143-145]. For example, it has been reported that

adhesion of the polymer to the CNT leads to constrained motion

of the polymer chains and simplifies the charge transfer process,

which consequently improves transport properties [146]. Also,

many researchers indicate that the macroscopic optical proper-

ties of CNTs depend on the tube orientation with respect to the

direction of beam propagation. Thus, FTIR results can be

related to the morphology of the CNT mixture such as bundling,

length and straightness [125].

X-ray photoelectron spectroscopy: The XPS technique does

not explore the whole sample volume but rather provides infor-

mation about the chemical composition of the CNT surface

[144,145]. XPS suffers from surface charge artifacts, so correct

sample preparation is crucial to achieve a flat and uncontami-

nated surface. Despite the mentioned limitations of this method

and its ineffectiveness in assessing CNT orientation, invaluable

surface information can be obtained about superficial func-

tional groups, gases adsorption, structure modification process

and defects on the CNT walls. This information is very critical

to judge the final composite behavior [139,145,147].
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Conclusion
The arrangement and sorting of CNTs is an important factor in

engineering and design of nanocomposite materials with desired

structures. This article reviews the latest methods that have been

proposed to arrange and align CNTs after growth in the struc-

ture of the composite materials, emphasizing the type of

process. In all methods, CNTs are initially added to the compos-

ite and are then subjected to sorting processes using special

techniques. The effectiveness of each technique on each of the

properties is different, for example, the sorting method may

improve the mechanical properties of the composite while its

electrical and chemical properties change negligibly. Therefore,

selecting an appropriate CNT orientation method in order to

modify the material structure depends on the final field of com-

posite application. In addition to the mentioned limitations for

each of these methods, one of the big challenges is the need of

pretreatment to homogenize the CNTs in terms of their physi-

cal characteristics such as diameter, length, number of walls and

metallic or semiconducting properties. In fact, the selected

pretreatment method can affect all of the CNTs for maximum

controllability. In this regard, it seems that focusing on the prin-

ciples and basic concepts of the CNT orientation mechanism in

the composites is essential as well as CNT separation based on

geometrical factors.

The effect of parameters such as optimal time to end the

process, concentration, interactions of CNTs with polymeric

and metallic materials, impact of internal and external CNT

walls and the effect of physical properties, such as chirality,

length and diameter on alignment needs to be understood.

Furthermore, to achieve uniform composite structures, the sepa-

ration of metallic and semiconducting CNTs is essential before

alignment of CNTs. Considering the latest research carried out

in this field, it has been indicated that using an electric field

combined with mechanical methods would improve the separa-

tion of metallic and semiconducting CNTs. However, we are

still a long way from achieving an easy, inexpensive, fast and

highly applicable process for comprehensive use of CNTs in

new composite industries.
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Abstract
Pure graphene in the form of few-layer graphene (FLG) – 1 to 6 layers – is biocompatible and non-cytotoxic. This makes FLG an

ideal material to incorporate into dental polymers to increase their strength and durability. It is well known that graphene has high

mechanical strength and has been shown to enhance the mechanical, physical and chemical properties of biomaterials. However, for

commercial applicability, methods to produce larger than lab-scale quantities of graphene are required. Here, we present a simple

method to make large quantities of FLG starting with commercially available multi-layer graphene (MLG). This FLG material was

then used to fabricate graphene dental-polymer composites. The resultant graphene-modified composites show that low concentra-

tions of graphene (ca. 0.2 wt %) lead to enhanced performance improvement in physio-mechanical properties – the mean compres-

sive strength increased by 27% and the mean compressive modulus increased by 22%. Herein we report a new, cheap and simple

method to make large quantities of few-layer graphene which was then incorporated into a common dental polymer to fabricate

graphene-composites which shows very promising mechanical properties.
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Table 1: Chemical composition of MLG and FLG from XPS analysis.

Component Eb (eV) FWHM (eV) Area (eV) Fraction (%) O 1s/C 1s

MLG C 1s 284.01 1.83 8649.91 60.00 0.130
C 1s 285.39 3.09 3151.94 21.87
C 1s 289.44 3.37 736.77 5.12
O 1s 532.39 2.36 4202.32 10.61
O 1s 530.44 2.07 188.13 0.75
N 1s 399.36 2.07 188.13 0.75

FLG C 1s 283.67 1.58 8588.15 56.18 0.170
C 1s 284.83 1.94 3097.75 20.27
C 1s 285.62 3.01 1254.09 8.21
O 1s 532.43 1.58 1384.56 3.30
O 1s 531.86 2.86 4686.88 11.15
N 1s 399.35 2.48 238.66 0.89

Introduction
Now that much of the world’s population are living beyond

their “threescore years and ten” [1], that is to say, on average,

into their 80s [2], there has been an increase in the need for

minimal intervention dentistry [3]. This practice of a complete

management solution for tooth decay has benefited from the ex-

tensive use of dental polymers. However, current dental poly-

mers have a relatively short operational lifetime resulting from

their lack of sufficient strength and durability. Therefore, the

aim was to assess the use of graphene with a common dental

polymer to form a composite material with improved mechani-

cal properties.

One of the main problems facing dental-polymers is that of

location. They are situated within the mouth which is an

extremely demanding setting – exposure to moisture, high tem-

peratures, and abrasion from toothbrushes plus a variety of

foodstuffs all have to be dealt with. These conditions can lead to

problems of mechanical failures cancelling out initial clinical

success and over time requiring further work for restoration

with the associated inconvenience and extra cost. Then there is

the issue of biocompatibility to consider.

Biocompatibility is a prerequisite for all dental materials. They

must be compatible with oral fluids, must not release toxic

products into the oral location and must have sufficient strength

and durability to be fit for purpose [4]. Most other studies of

graphene-dental polymer materials have used graphene oxide

(GO) [5] which may be cytotoxic [6,7]. Therefore, in these tests

glass-ionomers (GIs) prepared with poly(acrylic acid), a

common dental polymer [8], were used with the addition of

few-layer graphene (FLG). Graphene has the advantages of

having a high fracture and mechanical strength, a large surface

area, flexibility and is also biocompatible and thought to be

non-cytotoxic [9-13], but as toxicity depends on many factors

such as size, shape, concentration and dose further studies with

regard to specific applications are needed. Therefore, the aim of

these experiments was to assess the use of graphene with a

glass-ionomer (GI) prepared with poly(acrylic acid) to form a

biocompatible composite material with improved mechanical

properties.

Results and Discussion
Few-layer graphene
For the graphene material it was decided to use commercially

available multi-layer graphene (MLG) from Graphit Kropfmühl

GmbH (EXGR98350 - batch 08.10.2012). The shape and posi-

tion of the Raman 2D band (≈2700 cm−1) provides a useful

analysis for assessing the quality and number of layers in

graphene materials [14,15]. As the FLG material is composed

of “flakes” the edges of the flakes give rise to a D band. The

shape and position of the 2D band in the MLG material is

indicative of multi-layer graphene rather than graphite and

the 2D band in the FLG material is indicative of few-layer

graphene [14]. This allows us to see the conversion of commer-

cial MLG material (Figure 1a, lower) to FLG (Figure 1a, upper,

1b–d).

Figure 2 shows AFM (detail and profile) of the graphene mate-

rial (MLG) before and (FLG) after heat-treatment in air at

500 °C for 2 h (ca. 10% volume loss of starting mass during

heat-treatment). This resulted in the FLG material used in these

experiments.

The XPS analysis (Table 1) shows that the MLG and FLG ma-

terials have similar oxygen content as the O 1s/C 1s ratios are

very similar. The binding energies (Eb) ≈284.6 eV corresponds
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Figure 1: a) Raman spectra of MLG (ca. 10 layers, lower) and FLG (1–6 layers, upper) – both at 514 nm. b) Helium ion microscope (HeIM) overview
of FLG, c) TEM overview of FLG and d) HRTEM detail of FLG showing a single layer.

Figure 2: a) and b) AFM detail and profile of a multi-layer graphene (MLG) flake, ca. 10 graphene layers, c) and d) AFM detail and profile of a few-
layer graphene (FLG) flake, ca. 1–6 graphene layers.
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Figure 3: a) GI composite after strength testing made from FLG-polymer A, b) GI composite after strength testing made from FLG-polymer E,
c) Raman spectra of GI composite made from FLG-polymer E and GI composite made from FLG-polymer A – both at 514 nm, d) SEM overview of
fracture surface of GI composite made from FLG-polymer A, e) SEM overview of fracture surface of GI composite made from FLG-polymer E.

to C–H, C–C, (CH2)n and C=C bonds that are characteristic of

graphite/graphene, ≈286 eV corresponds to C–O–C, ≈288.5 eV

corresponds to O–C=O, ≈531.5–532 eV corresponds to C–O

and ≈533 eV corresponds to C=O [16]. Therefore, it is reason-

able to assume that the loss of carbon and oxygen from the

MLG material compared to the FLG material can be attributed

to the formation of CO and CO2 during the heat-treatment. This

is in accord with the Raman data which shows a clear “finger-

print” for graphene rather than graphene oxide [14,15].

FLG-dental polymers
Six types of FLG-dental polymers were made up; one control

plus five with different loadings of graphene. Figure 3 shows

FLG-polymer A (lowest concentration of FLG) and FLG-

polymer E (highest concentration of FLG used), hence E

appears much darker than A (Figure 3a,b).

The Raman spectra of both FLG-dental polymers show a 2D

band (≈2700 cm−1) which is indicative of FLG [14,15] al-

though in the higher graphene loaded polymer this band is more

pronounced. The fracture sections of both polymers were con-

ducting enough to need no coating to be examined by SEM.

This is indicative of a good percolation network of the FLG ma-

terial in the dental polymer (Figure 3d and 3e). The SEMs were

obtained using an energy selective backscatter (EsB) detector

which gives clear compositional contrast. In these micrographs

the white patches correspond to graphene in the fracture sur-

face of the polymer matrix.

The mean dynamic viscosity, compressive fracture strength and

compressive modulus and associated standard deviations for the

control group and the groups prepared with poly(acrylic acid)

solutions containing graphene are shown in Table 2.

There was a progressive significant increase in the dynamic

viscosity of the poly(acrylic acid) solutions as the concentra-

tion of graphene added to the poly(acrylic acid) solutions was

increased. This increase in viscosity with increasing nano-car-

bon concentration is consistent with that found by other

researchers [17,18]. Further increases in the amount of graphene

added to the poly(acrylic acid) solutions – 2.0 mg, 5.0 mg and

10.0 mg all resulted in significant increases in dynamic

viscosity compared with the control group as illustrated in

Table 2.

There was no significant trend in the compressive fracture

strength data with increasing concentration of graphene added

to the poly(acrylic acid) solutions as shown in Figure 4. The

group prepared using a poly(acrylic acid) solution containing

0.5 mg of graphene produced the highest mean compressive

fracture strength (118.2 ± 8.3 MPa) which was a 27% increase

compared with the control group (93.3 ± 4.6 MPa).
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Table 2: The mean dynamic viscosity, compressive fracture strength and compressive modulus ± standard deviation for the control group and the
groups prepared with poly(acrylic acid) solutions containing graphene.

Group Dynamic viscosity (mPa·s) Compressive fracture strength (MPa) Compressive modulus (GPa)

Control 610 ± 0 93.3 ± 4.6 2.91 ± 0.12
A – 0.5 mg 617 ± 6 118.2 ± 8.3 3.56 ± 0.32
B – 1.0 mg 623 ± 6 111.3 ± 5.2 3.32 ± 0.11
C – 2.0 mg 653 ± 6 116.5 ± 7.8 3.49 ± 0.10
D – 5.0 mg 680 ± 10 111.0 ± 5.8 3.16 ± 0.15
E – 10.0 mg 713 ± 6 105.3 ± 7.1 3.18 ± 0.09

Figure 4: Change in mean compressive fracture strength with increas-
ing graphene concentration.

For the compressive modulus data, there was no significant

trend as the concentration of graphene added to the poly(acrylic

acid) solutions was increased as shown in Figure 5. Significant

increases in the compressive modulus data were reported for all

groups prepared with poly(acrylic acid) solutions containing

graphene compared with the control group as shown in Table 2.

Similarly to the results from the compressive fracture strength

data, the group which produced the highest mean compressive

modulus (3.56 ± 0.32 GPa) was the group containing 0.5 mg of

graphene, which showed a 22% increase compared with the

control group (2.91 ± 0.12 GPa).

From the results of the mechanical testing it is clear that a small

addition of FLG gives a large increase in the FLG-dental

polymer fracture strength and compressive modulus. The latter

is significant as it shows the capacity of the FLG-dental

polymer to withstand loads tending to reduce in size – e.g.,

biting and chewing. The decrease in these enhanced properties

with increasing FLG loading is probably due to aggregation of

Figure 5: Change in mean compressive modulus with increasing
graphene concentration.

the FLG in the polymer matrix. Further optimisation tests are

ongoing.

Conclusion
In summary, we have described herein a new, simple and cheap

method to make large quantities of FLG starting with commer-

cially available multi-layer graphene (MLG) and also the incor-

poration of this graphene into dental polymer composites. We

have demonstrated that the fabricated graphene-dental polymer

composites have significantly enhanced mechanical properties

as compared with the plain dental-polymer material (control

group). The mean compressive strength of the graphene-dental

polymer showed a 27% increase and the mean compressive

modulus showed a 22% increase compared with the control

group – this is a significant increase. A recent review [8] con-

cluded that despite the developments in GI powder and

poly(acrylic acid) constituents they still had inferior mechani-

cal properties compared with dental amalgam and resin based

composites. They go on to say that major improvements have
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yet to be made so that GIs can see real clinical usage. Therefore,

these studies could well be the “major improvements” sought

for as they show that GIs with a low concentration of graphene

lead to major performance improvement in physio-mechanical

properties. This represents a major advance in GI materials rein-

forcement strategy and will breathe a new lease of life into this

research area. These in vitro studies are continuing and cell-line

studies are also planned.

Experimental
Materials
The multi-layer graphene (MLG) material used in this research

was commercially available MLG - EXGR98350 (batch

08.10.2012) supplied by Graphit Kropfmühl GmbH (Hauzen-

berg, Germany). The MLG material was heated in air at 500 °C

for 2 h to give the FLG material.

Graphene-polymer composite preparation
Poly(acrylic acid) powder, 1.0 g, with an average molecular

weight of 40000 was mixed with 2.5 mL of distilled water to

give a concentration of 40%. Then five concentrations of FLG

and these poly(acrylic acid) solutions were made up containing

0.5, 1.0, 2.0, 5.0 or 10.0 mg of FLG (Table 2, group A–E). A

control poly(acrylic acid) solution was also prepared without

graphene by dissolving 1.0 g of the poly(acrylic acid) powder in

2.5 mL of distilled water (Table 2, group control). All the solu-

tions were sonicated for 15 min and then stirred for 24 h.

All the poly(acrylic acid) solutions (A–E and control) were

hand-mixed with a commercial glass-ionomer (GI) restorative

powder (Ionofil Molar; Voco GmbH, Cuxhaven, Germany)

using a powder to liquid mixing ratio of 4:1 (g/g) as recom-

mended by Voco GmbH. In each case 0.188 g of the

poly(acrylic acid) solution was pipetted onto one end of a glass

slab while 0.75 g of the Ionofil Molar powder was placed onto

the opposite end. The GI powder was divided into two halves,

the first half was hand-mixed with all the poly(acrylic acid)

solution for 20 s using a stainless steel spatula, and then the

remaining GI powder was added and mixed for a further 20 s.

Dynamic viscosity measurements
The viscosity of all the poly(acrylic acid) solutions was

measured with a digital viscometer (Brookfield DV-E

Viscometer; Brookfield Engineering Laboratories Inc., Middle-

boro, MA, USA). The poly(acrylic acid) solution was pipetted

into the inner chamber of a small sample adaptor attached to the

viscometer and a spindle was inserted slowly into the chamber

to avoid entrapping air bubbles in the poly(acrylic acid) solu-

tion. The spindle was rotated in the poly(acrylic acid) solution

at 100 rpm until a constant viscosity reading was obtained and

the dynamic viscosity (mPa·s) was recorded. In total, three

viscosity measurements were taken for each of the poly(acrylic

acid) solutions and the mean dynamic viscosity calculated.

Compressive fracture strength tests
The compressive fracture strength was determined by preparing

cylindrical specimens of 6.0 ± 0.1 mm height and 4.0 ± 0.1 mm

diameter in accordance with ISO 9917-1 [19] using a Teflon

split-mould [20]. The split-mould was placed on a Teflon base

covered with an acetate strip and aligned using nylon wedges

and a locating pin. The hand-mixed GI restorative plastic mass

was applied to one side of the split-mould immediately after

mixing using the stainless steel spatula and allowed to flow into

the mould to minimise air bubble incorporation in the set

cylindrical specimens. A second acetate strip was placed on

top of the filled mould and the whole mould assembly was

isolated from the surrounding atmosphere using a glass-slab

and a G-clamp before transfer to a water-bath maintained at

37 ± 1 °C. After 1 h in the water bath, the specimens were re-

moved from the mould, inspected and specimens containing

visual defects were discarded. The flat ends of the specimens

were hand-lapped on P600 silicon carbide paper (Beuhler, Lake

Bluff, Illinois, USA) under water lubrication to ensure parallel

specimen ends for uniform contact with the platens of the

testing apparatus [21]. The specimens were stored in glass

containers filled with 50 mL of distilled water in an incubator at

37 ± 1 °C for a further 23 h prior to testing. Ten nominally iden-

tical cylindrical GI restorative specimens were manufactured for

each group investigated.

The mean diameter of each specimen was determined from

three measurements taken using a digital micrometer accurate to

10 μm (Mitutoyo, Kawasaki, Japan). The compressive fracture

strength of each specimen was made by applying a compres-

sive load to the long axis of the specimen at a cross-head speed

of 1 mm/min using a tensile testing apparatus (Instron Model

5565, High Wycombe, England). In order to mimic the oral

environment, wet filter paper was placed on the flat ends of the

specimen prior to testing [19]. The compressive fracture

strength P (MPa) was calculated using Equation 1 [19],

(1)

where Ff was the load at fracture (N) and r the mean radius of

the specimen (mm). The change in stress Δσ (MPa) and strain

Δε generated in each specimen during compression testing was

quantified using Equation 2 and Equation 3, respectively.

(2)
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(3)

where F was the load (N), r the original mean radius of the

specimen (mm), D the deflection undertaken by the specimen

during testing (mm) and h the original height of the specimen

(mm). Stress/strain plots were derived for each individual speci-

men and the compressive modulus (the ratio of stress to strain

below the fracture limit) was determined by calculating the

slope of the initial straight portion of the stress/strain plot prior

to fracture [20].

Statistics
All data in Table 1 are presented as means ± SD and were

derived from ten independent samples at each FLG concentra-

tion. The one-way ANOVA (p < 0.0001) and Tukey’s post-hoc

tests of the compressive fracture strength data identified signifi-

cant increases for all the groups containing FLG compared with

the control group (p = 0.003). For the compressive modulus

data, the one-way ANOVA (p = 0.0001) and Tukey’s post hoc

tests also identified significant increases for all the groups con-

taining FLG compared with the control group (p = 0.003).

Characterization
The MLG and FLG material was characterized by Raman spec-

troscopy (Renishaw at 514 nm) and the AFM measurements

were performed on a MultiMode V AFM (Veeco) in tapping

mode under ambient conditions. RTESP silicon probes (Veeco)

were used with a nominal tip radius of 10 nm and nominal

spring constant of 40 N/m. Image processing was carried out

using the Nanoscope software. The X-ray photoelectron spec-

troscopy (XPS) measurements were performed on a Theta

Probe spectrometer (Thermo Electron Co., Germany) using

monochromatic Al Kα radiation (photon energy of 15 keV with

maximum energy resolution of 0.47 eV). High resolution spec-

tra for the core level C 1s and O 1s were recorded in 0.05 eV

steps. An electron flood gun was used during the measurements

to prevent sample charging. The FLG material was also charac-

terized by TEM, HRTEM (Jeol ARM at 80 kV) and helium ion

microscopy (HeIM, Zeiss Orion at 30 kV). In addition, FLG-

polymer A and E were characterized by Raman Spectroscopy

(JY T6400 at 514 nm) and SEM (Zeiss Ultra-Plus at 3 kV, EsB

grid at 503 V).
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