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Abstract
Although 2D layered nanomaterials have been intensively investigated towards their application in energy conversion and storage

devices, their disadvantages have rarely been explored so far especially compared to their 3D counterparts. Herein, WO3·nH2O

(n = 0, 1, 2), as the most common and important electrochemical and electrochromic active nanomaterial, is synthesized in 3D and

2D structures through a facile hydrothermal method, and the disadvantages of the corresponding 2D structures are examined. The

weakness of 2D WO3·nH2O originates from its layered structure. X-ray diffraction and scanning electron microscopy analyses of

as-grown WO3·nH2O samples suggest a structural transition from 2D to 3D upon temperature increase. 2D WO3·nH2O easily

generates structural instabilities by 2D intercalation, resulting in a faster performance degradation, due to its weak interlayer van der

Waals forces, even though it outranks the 3D network structure in terms of improved electronic properties. The structural transfor-

mation of 2D layered WO3·nH2O into 3D nanostructures is observed via ex situ Raman measurements under electrochemical

cycling experiments. The proposed degradation mechanism is confirmed by the morphology changes. The work provides strong ev-
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idence for and in-depth understanding of the weakness of 2D layered nanomaterials and paves the way for further interlayer rein-

forcement, especially for 2D layered transition metal oxides.
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Introduction
Within the less than 20 years since the successful exfoliation of

atomically thin graphene, 2D layered nanomaterials have been

contributing greatly to the advances of nanoscience and nano-

technology with their exotic properties and versatility of appli-

cations [1-10]. Among all 2D nanomaterials, 2D transition

metal oxides (TMOs) are the group with the highest electro-

chemical activities for energy conversion and storage [11-15].

As the energy-related field is rapidly developing, the limits of

2D TMOs began to come clear and ways of chemical functio-

nalization were developed to make them more suitable for prac-

tical applications [16-18]. However, comparably less attention

has been paid to the comprehensive investigation of the disad-

vantage of 2D TMOs and their failure mechanism.

Tungsten trioxide (WO3) is one of the few TMOs with both

excellent electrochemical and electrochromic properties

[19-23]. It has a three-dimensional (3D) network lattice struc-

ture consisting of corner-sharing or edge-sharing WO6 octa-

hedra [24-26]. Its phases (monoclinic, triclinic, orthorhombic

and tetragonal) form trigonal, quadrangular, pentagonal, and

hexagonal tunnels and cavities for 3D electrochemcial intercala-

tion [27-29]. In contrast, its hydrates exhibit a 2D layered

strcuture composed of WO5(OH2) single sheets in a

corner-sharing arrangement with additional water molecules be-

tween layers, which is suitable for 2D intercalation chemistry

[30-32].

Both WO3 and its hydrates have been fabricated via different

methods and analyzed with regard to electrochemical, photocat-

alysis, sensing and electrochromic applications [24,33,34].

Oriented WO3·H2O sheets were hydrothermally grown in

mixed acids at 80 °C for 17 h, followed by sintering at 500 °C

in order to obtain crystalline WO3 for the photoelectrochemical

water oxidation [35]. A 2D WO3 nanosheet sensor fabricated by

high-temperature anodization of tungsten thin films displayed a

maximum response of 80% for 1% of hydrogen gas at 250 °C

[36]. 2D WO3·2H2O films developed by a facile dipping

process exhibited a significantly improved response time as

electrochromic electrodes compared to WO3 thin films [37].

The acidic precipitation reaction was also adopted to fabricate

WO3·2H2O electrochemical energy storage electrodes with a

higher rate capability than annealed WO3 [38]. The investiga-

tion of 2D sheets of WO3 and a rGO–WO3 composite prepared

via a one-pot hydrothermal method suggested that the

rGO–WO3 composite could be a promising material for photo-

catalytic and antibacterial applications [39]. Unfortunately,

despite the great number of 2D WO3 compounds and their

hydrates synthesized and utilized for energy conversion and

storage applications, their weakness has not yet been investigat-

ed thoroughly.

In this study, WO3·nH2O (n = 0, 1, 2) was fabricated by a facile

hydrothermal method for the first time at the different termpera-

tures to investigate the disadvantages of 2D structures. The

growth mechanism analyzed by X-ray diffraction (XRD) and

scanning electron microscopy (SEM) suggested a 2D to 3D

structural transition upon temperature increment, revealing that

the weakness of layered 2D WO3·nH2O originates from weak

interlayer van der Waals interactions. The faster performance

degradation in electrochemical tests of 2D layered WO3·nH2O

further indicated the structural instability of 2D nanostructures

compared to 3D nanostructures. The structural transformation

of 2D layered WO3·nH2O to 3D structures was observed via ex

situ Raman measurements under electrochemical cycling exper-

iments. The morphology change confirmed the degradation

mechanism proposed in this work. Consequently, this work

provides an in-depth understanding of the weakness of 2D lay-

ered nanomaterials and paves the way for the interlayer rein-

forcement of 2D TMOs.

Experimental
All nanostructured WO3 and their hydrates in this work were

prepared on FTO/glass substrates through a facile hydrothermal

reaction at different temperatures. All chemicals were pur-

chased from chemical suppliers and were used without further

purification.

Before the hydrothermal reaction, the seed solution was first

spin-coated on the FTO/glass and annealed at 350 °C for

20 min. To prepare the seed solution, 0.824 g of sodium

tungstate dihydrate (Na2WO4·2H2O) was initially dissolved into

10 mL deionized water under continuous stirring. After com-

plete dissolution of the Na2WO4·2H2O powder, 0.416 mL of

hydrochloric acid (HCl, 36–38 wt %) solution was added drop-

wise while stirring for 15 min at room temperature. Subse-

quently, 0.2241 g of oxalic acid (C2H2O4) was added to the

solution and the solution was then diluted with deionized water

to a total volume of 12.5 mL accompanied by another 15 min of

stirring. The prepared seed solution was spin-coated onto

FTO/glass at 3000 rpm for four times with each step consisting

of 40 s spin-coating at room temperature followed by annealing

at 350 °C for 20 min.
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The as-prepared FTO/glasses were sealed in 25 mL Teflon-

lined stainless autoclaves filled with 15 mL solution that was

prepared by the same procedures as the seed solution mentioned

above. However, its concentration was ten times lower than that

of the the seed solution. Then the autoclaves were heated at

temperatures of 80, 100, 120, 150 or 180 °C for 2 h. After

heating, the autoclaves cooled down to the room temperature

naturally. The FTO/glass substrates were taken out from auto-

claves and dried at 60 °C for 1 h. Subsequently, the as-grown

WO3 and its hydrates were measured and analyzed.

The crystal structures of the samples were identified with a

high-resolution X-ray diffractometer (HR-XRD, SmartLab,

Rigaku). The morphology of samples was investigated by field-

emission scanning electron microscopy (FE-SEM, JSM-7100F,

Jeol) together with energy-dispersive spectroscopy (EDS).

Information about chemical composition and bonding was

collected by X-ray photoelectron spectrometry (XPS, K-Alpha,

Thermo Scientific) and Raman spectroscopy (EZRaman-N-785,

TSI. Inc.), respectively.

Electrochemical characterization of the samples was performed

using an Autolab PGSTAT204 (Metrohm Autolab B.V.) with a

three-electrode configuration in 1.0 M H2SO4 aqueous solution.

The as-prepared sample, a Pt wire and a Ag/AgCl electrode

acted as working, counter and reference electrode, respectively.

Cyclic voltammetry (CV) was conducted in the potential range

from −0.8 V to +0.8 V (vs Ag/AgCl).

Results and Discussion
The crystal structure of the as-prepared samples was initially in-

vestigated by XRD. As shown in the XRD patterns from the top

to bottom of Figure 1a, the samples display different phase

compositions depending on the synthesis temperature. The

samples synthesized at 80 °C is composed of monoclinic

WO3·2H2O (JCPDS No. 18-1420) [40] and orthorhombic

WO3·H2O (JCPDS No. 43-0679) [41], which are both layered

structures as illustrated in Figure 1b and Figure 1c, respectively.

The structural difference between these two components is the

number of interlayer water molecules. For the samples synthe-

sized at 100 and 120 °C, only WO3·H2O (JCPDS no. 43-0679)

was measured with two main peaks corresponding to (020) and

(111) as some of the interlayer water disappeared [41]. Howev-

er, the dominant facet changed from (020) to (111) as the syn-

thesis temperature increased. Moreover, for the samples synthe-

sized at 150 °C, the full width at half maximum (FWHM) of the

(111) reflection of the main component WO3·H2O broadened,

which indicates the instability of WO3·H2O at such a high tem-

perature. A small hump on the left side of the (111) peak of

WO3·H2O clearly shows the appearance of monoclinic WO3

(JCPDS no. 43-1035) [42,43], which also supports the dehydra-

tion tendency of WO3·H2O. When the samples were grown at

180 °C, only monoclinic WO3 (JCPDS no. 43-1035) with its

dominant (002) facet existed in the sample. The crystal struc-

ture of monoclinic WO3 presented in Figure 1d displays 3D

covalent bonding structures compared to the stacked 2D layers

of WO3·2H2O and WO3·H2O with only weak interlayer van der

Waals forces. It is also noteworthy that at temperatures lower

than 80 °C, neither WO3·2H2O nor WO3·H2O could be synthe-

sized using the hydrothermal process presented in this work.

Both experimental results and the theoretical models mentioned

above suggested that the layered WO3 hydrates are relatively

unstable compared to WO3.

Figure 1: a) XRD patterns of the as-prepared samples at 80, 100, 120,
150 and 180 °C from top to bottom. Schematic illustration of the crystal
structures: b) monoclinic WO3·2H2O, c) orthorhombic WO3·H2O and
d) monoclinic WO3.

The following figures (Figures 2–4) show the morphology of

the three typical samples synthesized at 80, 120 and 180 °C, ex-

amined by SEM. Figure 2a,b shows the relatively uniform

growth of WO3 hydrates with flower-like balls on the upper

layer and nanosheets beneath them as represented in Figure 2c.

The nanosheets were ca. 1.3 μm square-shaped and almost

vertically aligned on the substrate (Figure 2d,e). The image of a

typical nanosheet shows the very low thickness of ca. 27 nm

(Figure 2f). The upper layer with grouped flower-like balls is

highlighted in Figure 2g,h. The images show that the flower-

like balls have a diameter of ca. 2.5 μm and are composed of

self-assembled square nanosheets with similar sizes as the nano-

sheets in the layer grown beneath. The magnified image in

Figure 2i displays nanosheets with average thickness of

ca. 37 nm in a flower-like ball crossing each other.
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Figure 2: SEM images of the sample synthesized at 80 °C. a) Overview and b) magnified images of the WO3 hydrates grown on the substrate;
c) image of a representative area; d) typical image of nanosheets and e) magnified view; f) image of a typical nanosheet; g) grouped flower-like balls;
h) typical flower-like ball with i) magnified image.

Figure 3 shows SEM images of the sample synthesized at

120 °C. The as-grown pure WO3·H2O existed in form of square

sheets and hexagonal plates as displayed in Figure 3a–c. The

square sheets were measured to be ca. 6 μm long and ca. 1.5 μm

thick, while the hexagonal plates were 0.5 μm thick with diago-

nal length of ca. 2.9 μm. Figure 3d,e shows the square sheets

with opened layers, indicating the layered crystal structure of

the as-grown material. The magnified image of the opened

layers in Figure 3f clearly demonstrated the 2D layered nature

of WO3·H2O. In addition to the square sheets, the hexagonal

plates were stacked by nanoribbons in the direction parallel to

the diagonals of the hexagons (Figure 3g). As shown in

Figure 3g,h, the nanoribbons were wider (ca. 400 nm) at the

center and narrower (ca. 100 nm) near the two ends, forming

tips at their very ends (Figure 3i).

The SEM images of the sample synthesized at 180 °C are

presented in Figure 4. The WO3 structures are assembled from

square sheets with a few individual sheets beneath as indicated

in Figure 4a and Figure 4b. The square sheets with a length of

ca. 2.8 μm and a thickness of ca. 0.4 μm grew crossed with each

other at all angles, forming a network structure (Figure 4c,d).

Figure 4e clearly displays the crossed square nanosheets in the

network structure. The individual square sheets were measured

to be ca. 3.5 μm long and ca. 0.7 μm thick (Figure 4f,g). The

EDS element mapping in Figure 4h,i demonstrates a homoge-

neous elemental distribution in the sheet and confirms the for-

mation of WO3. The oxygen appearing outside the square

comes from the substrate.

Three typical sample structures acquired with SEM are

presented in Figure 5a. It clearly shows that the feature struc-

ture size of the nanostructures synthesized at 80 °C are much

smaller compared to similar feature structures obtained in the

other two samples, especially in terms of the longitudinal size.

Besides the lower synthesis temperature, this could be mainly

due to the interlayer water molecules in WO3·2H2O, which

caused the slow growth of the samples. The structural features

of the WO3 sample synthesized at 180 °C are also smaller than

those of the WO3·H2O sample synthesized at 120 °C. Although

a higher synthesis temperature produces more energy for the

sample growth, the layered WO3·H2O still grew faster than the

3D WO3, as the formation of van der Waals interactions

consumes less energy than the formation of covalent bonds.

From both the structural and energy consumption point of view,

WO3·2H2O and WO3·H2O are kinetically and thermodynami-

cally less stable than WO3.

Figure 5b,c depicts the high-resolution XPS core-level W4f and

O1s spectra, respectively. The W 4f orbitals in Figure 5b are

almost identical in the three samples and can be resolved into

W 4f5/2 and W 4f7/2. The two main peaks correspond to the
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Figure 3: SEM images of the sample synthesized at 120 °C. a) Overview and b) magnified images of WO3·H2O grown on the substrate;
c) image of a representative area; d) square sheets with opened layers; e) a typical square sheet with opened layers and f) its magnified view at the
opened layers; g) a typical hexagonal plate; magnified views of h) the edge and i) the side face of a hexagonal plate.

Figure 4: SEM images of the sample synthesized at 180 °C. a) Overview and b) magnified images of WO3 grown on the substrate; images of c) one
part of the network structure and d) the magnified view; e) image of the crossed nanosheets; f) vertically standing and g) flat laying square sheets.
EDS element mapping of the flat laying square sheet: h) W and i) O.
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Figure 5: a) The structural feature sizes of three typical samples synthesized at 80, 120 and 180 °C, respectively. High-resolution XPS core-level
b) W4f and c) O1s spectra of the three as-synthesized samples.

W4f7/2 and W4f5/2 of the tungsten atoms in a +6 oxidation state

[44,45]. The two peaks from the two samples synthesized with

lower temperatures are both located at 35.9 eV and 38.0 eV,

which is ca. 0.2 eV lower than the peak locations (ca. 36.1 eV

and ca. 38.2 eV) in the WO3 sample synthesized at 180 °C. The

very small peaks at ca. 34.6 eV in all three samples originate

from W5+ ions in the lattice, which reveals the formation of a

few oxygen vacancies [29,46]. The O 1s spectra for all samples

in Figure 5c depict two peaks with one main peak from the

lattice oxygen, OL, and another from the oxygen in water mole-

cules, OH2O [47,48]. With increasing temperature, the lattice

oxygen in the three as-synthesized samples shifts to lower

binding energies from 530.8 eV over 530.6 eV to 520.3 eV. The

area of the OH2O peaks indicates the structural difference be-

tween layered WO3·2H2O, layered WO3·H2O and 3D WO3.

The decreasing area of OH2O peaks with higher synthesis tem-

perature demonstrated the increasing stability of the samples as

the interlayer water and coordinated water molecules disap-

peared successively with only a few unavoidable surface-

absorbed water molecules left [49,50]. The above XPS results

confirm the SEM analysis.

To get further inside of the electrochemical performance degra-

dation of the three samples, CV tests were carried out at a scan

rate of 50 mV·s−1 within the potential range from −0.8 V to

+0.8 V (vs Ag/AgCl). The electrochemical energy conversion

and storage of WO3·nH2O in H2SO4 electrolyte are based on

the intercalation of protons and injection of electrons as de-

scribed in the following equation [38]:

The transition of W between the valence states of W6+ and W5+

is the basis of both electrochemical energy storage and elec-

trochromic behavior. As shown in Figure 6a, in all cases the

cathodic current rises when the potential was scanned to nega-

tive values because of the intercalation of protons into the sam-

ples. Figure 6c–e illustrates the intercalation of ions into

WO3·nH2O. The reduction of W6+ to W5+ in the process also

resulted in coloration. In the reverse process, the rise of anodic

current indicates the deintercalation of protons and oxidation of

tungsten ions with concomitant bleaching. The video presented

in Supporting Information File 1 shows the coloration/bleaching

processes of the samples during cycling. With a growing num-

ber of cycles, the samples exhibited a strong performance deg-

radation as displayed in Figure 6b. The integrated areas of the

CV curves in Figure 6b suggested much larger drops of the spe-

cific capacitance of the WO3 hydrates compared to those of
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Figure 6: CV curves of the three samples at a) the 1st cycle and b) the 500th cycle; schematic illustration of ion intercalation into c) WO3·2H2O,
d) WO3·H2O, and e) WO3.

WO3. As shown in Figure 6c–e, the intercalated ions in WO3

hydrates are surrounded by weak hydrogen bonds, coordination

bonds, and van der Waals forces, while the ions in WO3 are

surrounded by a strong 3D covalent bond network. The interca-

lation/deintercalation process in WO3 may cause less distor-

tions and destructions of the structure than in WO3 hydrates,

leading to a better electrochemical stability.

The SEM images of the samples taken after 500 cycles of CV

support the performance degradation. Specifically, the nano-

structured flower-like balls and the nanosheets in the samples

synthesized at 80 °C seem to be glued together in Figure 7a,

forming a thin film-like structure as indicated in the inset of

Figure 7a, which could be a result of strong reaction between

the interlayer water molecules and the electrolyte. For

the WO3·H2O sample synthesized at 120 °C (Figure 7b),

the sheets were found to swell heavily due to the 2D intercala-

tion/deintercalation processes in the CV cycles, turning almost

twice as thick as their original thickness. Under the strong effect

of 2D intercalation/deintercalation, the hexagonal plates were

transformed into very thin nanosheets, which were composed of

nanoribbons (Inset of Figure 7b). In contrast to the two samples

mentioned above, the WO3 sample synthesized at 180 °C still

kept some of the features from the original sample, as depicted

in Figure 7c. Although the original network was broken, a con-

siderable number of the sheet components in the samples

remained almost unchanged in their original shape (Inset of

Figure 7c).

Figure 8 compares the Raman spectra of the three samples

before and after CV tests. As displayed in Figure 8a, the initial

WO3 sample is characterized by two main peaks at ca. 713 and

ca. 807 cm−1, which are associated with two types of W–O–W

stretching vibration modes [51,52]. The ν1(W–O–W) mode also

appeared in the other two initial samples. The Raman spectra of

the initial WO3·H2O and WO3·2H2O samples were character-

ized by the stretching vibration mode of their terminal W=O

bonds [53,54]. In spite of their high similarity, the peaks of

WO3·2H2O are shifted slightly to higher wavenumbers com-

pared to those of WO3·H2O as indicated in the sample contain-

ing both WO3·2H2O and WO3·H2O. The Raman spectra

presented in Figure 8b reflect the structural transformation of

the samples after CV tests. The Raman spectra of both the sam-

ples synthesized at 80 and 120 °C showed a new peak from the

W–O–W stretching vibration mode (ν2(W–O–W)), while the

other peaks were broadened. The peaks of the ν1(W–O–W)

modes in these two samples shifted to higher wavenumbers and

became relatively stronger in comparison to the W=O peaks.

These results clearly suggest the break of W=O bonds and the

formation of W–O–W bonds, which leads to dehydration of

WO3 hydrates. In contrast, the Raman spectra of the WO3 sam-

ples synthesized at 180 °C remains almost unaffected after

CV tests. The investigation of Raman spectra further supports

the relative electrochemical instability of WO3·2H2O and

WO3·H2O compared to WO3.

Conclusion
In summary, WO3·nH2O (n = 0, 1, 2) synthesized in 2D and

3D nanostructures by a facile hydrothermal method, and the

disadvantages of the 2D structures were thoroughly examined.

The weakness of 2D WO3·nH2O originates from the layered

structure. XRD and SEM characterizations of the as-grown
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Figure 7: SEM images of the three typical samples synthesized at
a) 80 °C, b) 120 °C and c) 180 °C after 500 CV cycles.

WO3·nH2O samples suggested a structural transition from 2D to

3D upon temperature increase. The independent electrochemi-

cal tests of three typical samples confirmed a faster perfor-

mance degradation in the 2D nanostructures compared to

3D nanostructures, supported by the SEM investigation and

further explained by subsequent ex situ Raman measurements.

Although 2D layered WO3·nH2O nanostructures outranks the

3D network counterparts in terms of the improved electronic

properties, they can easily generate the structural instability by

2D intercalation owing to its weak interlayer van der Waals

interactions. Their morphology change confirms the degrada-

Figure 8: Raman spectra of the three samples a) before and b) after
the CV tests.

tion mechanism proposed in this work. Consequently, this work

provides in-depth understanding the weakness of 2D layered

nanomaterials and paves the way for further interlayer rein-

forcement of 2D TMOs.

Supporting Information
The video shows the typical coloration/bleaching process of

the samples during electrochemical cycling.

Supporting Information File 1
Coloration/bleaching during electrochemical cycling.

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

supplementary/2190-4286-9-265-S1.mp4]
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Abstract
Bimetallic phosphides have been attracting increasing attention due to their synergistic effect for improving the hydrogen evolution

reaction as compared to monometallic phosphides. In this work, NiCoP modified hybrid electrodes were fabricated by a one-step

electrodeposition process with TiO2 nanotube arrays (TNAs) as a carrier. X-ray diffraction, transmission electron microscopy,

UV–vis diffuse reflection spectroscopy, X-ray photoelectron spectroscopy and scanning transmission electron microscopy/energy-

dispersive X-ray spectroscopy were used to characterize the physiochemical properties of the samples. The electrochemical perfor-

mance was investigated by cyclic voltammetry, linear sweep voltammetry, and electrochemical impedance spectroscopy. We show

that after incorporating Co into Ni–P, the resulting NixCoyP/TNAs present enhanced electrocatalytic activity due to the improved

electron transfer and increased electrochemically active surface area (ECSA). In 0.5 mol L−1 H2SO4 electrolyte, the NixCoyP/TNAs

(x = 3.84, y = 0.78) demonstrated an ECSA value of 52.1 mF cm−2, which is 3.8 times that of Ni–P/TNAs (13.7 mF cm−2). In a

two-electrode system with a Pt sheet as the anode, the NixCoyP/TNAs presented a bath voltage of 1.92 V at 100 mA cm−2, which is

an improvment of 79% over that of 1.07 V at 10 mA cm−2.
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Introduction
Significant research efforts have been invested in the electro-

chemical splitting of water using renewable energy to attempt to

overcome the growing energy demands and associated environ-

mental crisis [1-3]. In water splitting, the hydrogen evolution

reaction (HER) is a fundamentally important process. This

process involves the reduction of protons to form dihydrogen

(2H+ + 2e → H2) with a thermodynamic potential of 0 V vs

SHE. A major bottleneck for HER is the high overpotential as-

sociated with the process that takes place at a significant rate

due to the high activation barrier and the sluggish multiple-
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proton-coupled electron transfer [4-6]. Noble metal Pt-based

catalysts are widely used for HER to circumvent the overpoten-

tial hurdle, but their exorbitant cost and scarcity seriously limit

their large-scale application. Hence, it is quite appealing to

develop inexpensive and earth-abundance electrocatalysts with

higher electrolytic efficiency and lower dynamic overpotential

[7,8].

More recently, transition-metal phosphides (TMPs) have at-

tracted great interest as efficient HER electrocatalysts, includ-

ing NixP, MoP, CoP, FeP and Cu3P. These materials are signifi-

cantly promising because of their abundance, remarkable

stability and activity derived from their hydrogenase-like cata-

lytic mechanism [9-14]. By adding an additional metal element

to these mono-metal posphides, the electronic structure and sur-

face properties of the phosphides can be intrinsically altered

that may greatly improve the catalytic performance. Compared

to mono-metal phosphides, some binary metal phosphides

(MgFeP, FeNiP, NiCoP, etc.) demonstrate a superior electro-

chemical performance. Because the ternary phases provide a

synergistic effect, these bi-metal phosphides provide good elec-

trical conductivity and electronic structure [15-17]. Among the

bi-metal phosphides, Ni–Co–P catalysts have been intensively

investigated. The similar radii of Co and Ni have been shown to

be favorable to form ternary TMPs rather than secondary-metal

doped phosphides [18-20]. As exemplified by Fu et al., hierar-

chical whisker-on-sheet nanostructures of NiCoP/nickel foam

presented a superior performance, giving overpotentials of

59 mV and 220 mV to obtain current densities of 10 mA cm−2

and 100 mA cm−2 in alkaline electrolyte for HER, respectively

[21]. However, the preparation procedure is more complicated

and not environmentally friendly and includes a hydrothermal

reaction, phosphorization step and KOH activation. This brings

some difficulties to large-scale industrial application.

Amorphous catalysts intrinsically contain more defect sites

which probably work as active centers compared to the crys-

talline counterparts. A representative work is that by Zhang et

al. where they synthesized Ni–Co–P/nickel foam electrodes via

a facile electroless deposition [22]. The as-prepared electrode

requires only a small overpotential of 107 mV and 125 mV to

achieve current densities of 10 and 20 mA cm−2, respectively.

Unfortunately, although the TMPs present excellent electrocat-

alytic activity in alkaline electrolytes [21-23], they are very

unstable under acidic conditions. One effective way to improve

their stability is with an appropriate support material. Com-

pared to the nickel foam or other substrates [19,23,24], TiO2

nanotube arrays prepared by anodization are favorable for the

loading of catalysts and the fast transfer of electrons from the

electrode to the active sites owing to the large surface area and

distinctive 3D well-ordered nanotube structure. Furthermore,

the curved interface and confined space facilitate the formation

of amorphous phases with more active catalytic sites and con-

tribute to the stability of active components [25,26]. According-

ly, in this study, the TNAs work as the support material in the

preparation of NixCoyP/TNA hybrid electrodes by a one-step

electrodeposition process. The physiochemical and electro-

chemical properties of as-prepared NixCoyP/TNAs electrodes

were investigated in detail. In acidic aqueous solution, the

NixCoyP/TNAs electrodes presented enhanced electrocatalytic

activity and robust stability after incorporating Co into NiP.

Experimental
Preparation of NixCoyP/TNA electrodes
The TiO2 nanotube arrays used here were prepared using an

electrochemical anodization technique according to our

previous work [25,26]. In a three-electrode system, the TNAs

act as the working electrode, Pt as the counter electrode,

Ag/AgCl (saturated KCl) as the reference, and a constant

voltage (−1.2 V vs Ag/AgCl) was applied to the system and

the duration of the electrodeposition was 200 s. The electrolyte

(0.05 mol L−1 Ni(NO3)2 + 0.05 mol L−1 Co(NO3)2 +

0.1 mol L−1 NaH2PO2) pH was adjusted with 5% HCl to

about 1.0. After electrodeposition, the working electrode was

rinsed with deionized water, absolute ethanol, and then de-

ionized water, and dried under blowing air. The sample was

named NixCoyP/TNAs. A control sample Ni–P/TNAs was pre-

pared in a similar fashion without adding Co(NO3)2 in the elec-

trolyte.

Sample characterization
The following analytic methods were applied to provide struc-

tural information on the NixCoyP/TNA samples: X-ray diffrac-

tion (XRD, X’Pert pro MPD, Philips) for crystallographic

texture, scanning electron microscopy (SEM, JSM-5900 LV,

JEOV) for micro-morphology, transmission electron microsco-

py (TEM, Tecnai G2 F20 S-TWIN) for microstructure, UV–vis

diffuse reflectance spectroscopy (UV2100) for photoabsorption

properties, X-ray photoelectron spectroscopy (XPS, Escalab

250Xi, Thermo Fisher, Al Ka X-ray source generated at 12 kV

and 15 mA) for chemical composition, and energy dispersive

spectroscopy (EDS, JSM-7500F) for single nanotube chemical

composition.

Electrochemical measurements
The electrochemical characteristics of the samples were evalu-

ated using a CHI650E electrochemical workstation (Chenhua,

Shanghai) including linear sweep voltammetry (LSV), cyclic

voltammetry (CV), electrochemical impedance spectroscopy

(EIS), and Tafel analysis at 25 °C. The three electrode system

was constituted of the sample working electrode, a platinum

counter electrode, a Ag/AgCl (saturated KCl) reference elec-
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Figure 2: Top-view FE-SEM images of the samples. (a) TNAs, (b) NixCoyP/TNAs.

Figure 1: XRD patterns of the samples.

trode, and 0.5 mol L−1 H2SO4 as the electrolyte. During the

LSV, CV, and Tafel experiments, the scan rate was 5 mV s−1.

During the EIS experiment, the frequency range was

10−2–105 Hz and the applied bias was the open-circuit potential

of the samples. The measured current was normalized by the

geometrical area of the cathodes immersed in electrolyte solu-

tion. The obtained potential (vs Ag/AgCl) was converted RHE

after imposing iRs correction, using the following Equation 1:

(1)

Results and Discussion
Characterization of electrocatalysts
Figure 1 shows the wide-angle XRD patterns of the samples.

All three samples displayed characteristic anatase TiO2 diffrac-

tion peaks of (101), (004), (200), (105), (211), (204), (116), and

(215) (JCPDS card No. 21-1272) and the Ti peak at (101) [27].

No diffraction peaks related to Ni–P or NiCoP crystallites was

found, illustrating that the crystallographic texture of the elec-

trode samples was not altered by the electrodeposition of Ni–P

or NiCoP. The intensity of the diffraction peaks follow

the order: TNAs > Ni–P/TNAs > NixCoyP/TNAs. It is sug-

gested that after electrodeposition, there was an amorphous

deposit covering the TiO2 surface to dampen the anatase

peak intensities. The top-view FE-SEM images of TNAs and

NixCoyP/TNAs are shown in Figure 2. It is obvious that the

openings of the TNAs were smooth with even wall thickness.

After electrodeposition of NiCoP, the openings of sample

NixCoyP/TNAs were coarse with apparent deposit attached.

Figure 3 demonstrates the TEM and HR-TEM images of

NixCoyP/TNAs. The lattice spacing of 0.35 nm is ascribed to

anatase TiO2 (101) plane [28], and no lattice fringe that corre-

sponds to NiCoP can be finely resolved. Combining the XRD

and SEM results, we conclude that amorphous NiCoP particles

of ≈6 nm were attached to TiO2 (101) phase, as shown in the

upper left and square areas. The STEM-HAADF and corre-

sponding EDS maps of single tube NixCoyP/TNAs are revealed

in Figure 4. From the figure, the diameter of the TiO2 nanotube

was determined to be about 150 nm with a chemical composi-

tion of Ti, O, Ni, Co, and P evenly distributed on the whole

tube. The elemental intensity distributions of Ti and O were

similar to one another, however the combinations Ni and P, Co

and P, and Ni and Co did not have similar distributions. The

distribution intensity of Ni is obviously higher than that of Co.

It is possible that in addition to NiCoP, there might be other

phases of Ni, Co, or P.

To further probe the surface chemical composition and valence

states in the NixCoyP/TNAs, we conducted X-ray photoelectron

spectroscopy measurements. In Figure 5a, TiO2 shows two

peaks, the Ti 2p3/2 peak at 458.3 eV and Ti 2p1/2 at 464.1 eV,

along with a satellite peak at 460.1 eV. The O 1s peaks at 531.5

and 529.6.5 eV are assigned to O in O2 and TiO2, respectively.

The peak at 855.3 eV for Ni 2p3/2 can be ascribed to Niδ+ in
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Figure 3: (a) TEM and (b) HR-TEM images of the NixCoyP/TNAs.

Figure 4: HAADF STEM image and EDS elemental maps of the NixCoyP/TNAs.

Ni−P bonds, positively shifted relative to that of metallic Ni

(852.3 eV) (Figure 5c). The Ni 2p3/2 peak at 861.5 and Ni 2p1/2

peak at 879.3 eV are assigned to the Ni 2p satellite peaks

[15,29-31]. In Figure 5d, the Co 2p3/2 peak at 778.2 is assigned

to metallic Co, and the Co 2p3/2 peak at 781.5 and Co 2p1/2

peak at 797.2 eV can be ascribed to Coδ+ and Co3+ ions in

NiCoP, respectively. The broad peaks at 786.2 (2p3/2) and

803.5 eV (2p1/2) are assigned to the Co 2p satellite peaks

[21,32]. In the high-resolution P 2p spectrum of Figure 5e, the

binding energy at 129.6 eV is close to the binding energy of P

2p3/2, assigned to metal–P bonds in NiCoP. The peak at

133.1eV can be ascribed to the oxidized phosphorus species by

contact with air [21,33-35]. The binding energy of 129.6 eV is

slightly lower than that of elemental P (130.0 eV), which sug-

gests the P is partially negatively charged (Pδ−) [36]. Given the

probing depth of 3 nm for XPS measurements, the NiCoP amor-

phous phase in NixCoyP/TNAs presents a molar mole ratio of

10.82: 2.21:2.82, giving x = 3.84 and y = 0.78. According to the

XPS results, polyvalent interactions of Ni, Co and P

heteroatoms are suggested. In this complex material, both Ni

and Co carry a partially positive charge (δ+) whereas P carries a

partially negative charge (δ−), suggesting a small electron densi-

ty transfer from Ni and Co to P [37]. This charged structure is

very beneficial for improving surface activity toward HER.

A critical means to improve the charge transfer of HER is to en-

hance the conductivity of the electrocatalysts. Doping or

hybridization to form a heterojunction can lower the band gap

of the material thus augment the conductivity. The material

band gap can be calculated by measuring the optical absorption

edge in UV–vis DRS, shown in Figure 5f. It is observed that the

absorption edge showed a red shift after electrodeposition of
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Figure 5: High-resolution XPS spectra of (a) Ti 2p, (b) O 1s, (c) Ni 2p, (d) Co 2p and (e) P 2p of the NixCoyP/TNAs. (f) UV–vis diffuse reflection absor-
bance spectra of the samples.

Ni–P and NiCoP. The absorption edges are 398, 405, and

488 nm for TNAs, Ni–P/TNAS, and NixCoyP/TNAs, corre-

sponding the band gaps of 3.12, 3.06, and 2.54 eV, respectively.

Sample NixCoyP/TNAs had a band gap 0.52 eV lower than that

of Ni–P/TNAs. This indicates that the binary-metal phosphides

synthesized via electrodeposition provide a higher conductivity

in the material.

Electrochemical activity
The electrochemical properties of the samples are shown in

Figure 6, including LSV, CV, Tafel curves, bath voltage

histograms, and cycling stability characteristics. In Figure 6a,

the activity of NixCoyP/TNAs is much higher than that of

Ni–P/TNAs. The onset hydrogen evolution potential (defined as

the potential at a current density of −0.1 mA cm−2) at −10 and

−20 mA cm−2 of NixCoyP/TNAs were −65, −209, and

−257 mV, respectively. These values are 235, 363, and 359 mV

lower than that of Ni–P/TNAs of −300, −572, and −616 mV, re-

spectively. It should be noted that the hydrogen doping may

occur due to the small radius of the hydrogen atom when

measuring the electrocatalytic activity of NixCoyP/TNAs. Gen-

erally speaking, hydrogen doping increases electrical conduc-

tivity and enhances electron transfer. Thus the electrocatalytic

activity is improved to some extent. Figure 6b illustrates the

Tafel curves of the NixCoyP/TNAs electrode. The Tafel slope of

this electrode is 46.6 mV dec−1, which is 40.3 mV dec−1 lower

than that of Ni–P/TNAs at 86.9 mV dec−1. For HER in acidic

electrolyte, the theoretical Tafel slopes are 120, 40, and

30 mV dec−1, corresponding to the Volmer step, Heyrovsky

step, and Tafel step, respectively. A Tafel slope of

46.6 mV dec−1 indicates that hydrogen evolution occurred via a

fast discharge reaction (H3O+ + e− + cat = cat-H + H2O)
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Figure 6: (a) Current–voltage characteristic plots and (b) Tafel plots of the samples. (c) Current–voltage characteristics during durability tests and
(d) bath voltages at various current densities for the two-electrode system with NixCoyP/TNAs as a cathode.

and thereafter a rate determining (ion + atom) reaction

(H3O+ + e− + cat-H = cat + H2 + H2O), that is, the

Volmer–Heyrovsky mechanism [38,39]. A comparison was

given with published data in Supporting Information File 1,

where Table S1 and shows that NiCoP catalysts present lower

overpotentials in alkaline electrolyte than those in acidic solu-

tion. The NixCoyP/TNAs electrode gives a lower activity than

the electrode without the titanium dioxide carrier, which may be

related to the low conductivity of titanium dioxide. Thus the

electrocatalytic activity can be improved effectively by improv-

ing the conductivity of the TNA support.

In electrochemical HER, the bath voltage is an important pa-

rameter determining the energy consumption of the process. At

a certain current density, the bath voltage is proportional to the

electric energy consumption. In Figure 6d, the bath voltage was

only 1.07 ± 0.03 V at hydrogen evolution current density of

−10 mA cm−2 in the two-electrode system of NixCoyP/TNAs as

the cathode and Pt sheet as the anode. A bath voltage of 1.71 V

at a current density of 50 mA cm−2 is comparable to that of the

NiCoP/foam nickel electrode [21]. It is noticeable that with in-

creasing current density, the bath voltage does not rise in a

linear pattern. A bath voltage of 1.92 V at 100 mA cm−2 is only

79% higher than that of 1.07 V at 10 mA cm−2. This demon-

strates the excellent electrocatalytic activity of NixCoyP/TNA

electrodes in acidic conditions. Other than the high electrocat-

alytic activity, the electrochemical stability is another critical

parameter for electrodes in practical applications. The electro-

chemical activity of the NixCoyP/TNAs suffered a negligible

decrease after 1000 cycles at a scan rate of 100 mV s−1

(Figure 6d). This shows a high stability of this electrode.

For electrocatalytic reactions, the active site density is propor-

tional to the reaction rate under certain conditions. The higher

the density of exposed active sites, the faster the reaction rate.

The active site density is related to the double-layer capaci-

tance of the electrode surface without Faradic current and corre-

sponds to the effective electrochemical surface area (ESA).

Therefore the magnitude of the double-layer capacitance can be

used to estimate the ESA. To estimate the effective ESA, we

measured the electrochemical double-layer capacitances (Cdl)

using the CV method [22,40,41]. The scan rates during the CV

measurements were set in the range of 25–175 mV s−1 (step by

25 mV s−1), electrode potential range of 0.1–0.2 V vs RHE. In

Figure 7a–c, the CV curves are shown as zero-symmetric,

rectangular curves against current density. This illustrates the

double-layer capacitance nature of the electrode in this poten-

tial range and good reversibility. Figure 7d shows the double-

layer capacitance of the NixCoyP/TNAs electrode to be

52.1 mF cm−2, which is 2.8 and 5.6 times that of Ni–P/TNAs

(13.7 mF cm−2) and TNAs (7.9 mF cm−2). The incorporation of

Co into the Ni–P formed amorphous binary-metal phosphides

that are beneficial for the improvement of the electrocatalytic

active site density, and thus the electrocatalytic activity.
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Figure 7: Cyclic voltammograms of (a) TNAs, (b) Ni–P/TNAs and (c) NixCoyP/TNAs at various scan rates (25–175 mV s−1), and (d) corresponding
current density scan rate curves to estimate the Cdl and relative electrochemically active surface area.

Figure 8: (a) Nyquist curves and (b) Bode plots of the samples.

The Nyquist and Bode plots are displayed in Figure 8. In the

Nyquist plot, the arc radius of the high-frequency section corre-

sponds to the impedance of charge transfer between electrolyte

and the catalyst surface, and the ones of the low-frequency area

correspond to the impedance of charge transport inside the elec-

trode [15,42-44]. In Figure 8a, the Nyquist curves are shown as

two arcs with different radius in the high and low frequency,

suggesting that the catalytic reaction was limited by the charge

transfer step. The arc radii of the high and low frequency

sections of sample NixCoyP/TNAs are smaller than that of

Ni–P/TNAs, suggesting that the NiCoP hybrid enhanced the

charge transfer inside the electrode and between the electrolyte

and catalyst surface. The Bode plots (Figure 8b) show that for

the two samples, the total impedance (|Z|) is nearly equivalent at

high frequency, while at low frequency, the impedance of

NixCoyP/TNAs is lower than that of Ni–P/TNAs. This indicates

that after incorporating Co into Ni–P, the main contribution is

to improve the transmission of electrons inside the electrode, in

agreement with a higher conductivity of NixCoyP/TNA con-

firmed by UV–vis diffuse reflection spectra. Both the CV and

EIS results exemplify the high electrocatalytic activity of the

NixCoyP/TNAs electrode, in accordance with the aforemen-

tioned electrochemical experiment results.

Conclusion
The binary-metal phosphide hybrid electrode NixCoyP/TNAs

was synthesized through the one-step electrodeposition of Ni,

Co, and P under a constant voltage. Experimental results
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demonstrate that the NiCoP deposit was in amorphous phase

with a diameter of ≈6 nm. The incorporation of Co into the

binary Ni–P system formed the amorphous ternary NiCoP HER

electrocatalyst. The catalyst showed a high electrochemically

active center density that benefited the electron transfer within

the electrode and between electrolyte and electrode surface. The

electrocatalytic activity of the HER was thus improved. In the

two-electrode system using NixCoyP/TNAs as the cathode, the

bath voltage was only 1.07 V at hydrogen evolution current

density of −10 mA cm−2, indicating superb electrocatalytic ac-

tivity. The electrochemical stability of the electrode was proved

via continuous cycling measurements.
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Abstract
Developing a facile and environmentally friendly approach to the synthesis of nanostructured Ni(OH)2 electrodes for high-perfor-

mance supercapacitor applications is a great challenge. In this work, we report an extremely simple route to prepare a Ni(OH)2

nanopetals network by immersing Ni nanofoam in water. A binder-free composite electrode, consisting of Ni(OH)2 nanopetals

network, Ni nanofoam interlayer and Ni-based metallic glass matrix (Ni(OH)2/Ni-NF/MG) with sandwich structure and good flexi-

bility, was designed and finally achieved. Microstructure and morphology of the Ni(OH)2 nanopetals were characterized. It is found

that the Ni(OH)2 nanopetals interweave with each other and grow vertically on the surface of Ni nanofoam to form an “ion reser-

voir”, which facilitates the ion diffusion in the electrode reaction. Electrochemical measurements show that the Ni(OH)2/Ni-NF/

MG electrode, after immersion in water for seven days, reveals a high volumetric capacitance of 966.4 F/cm3 at a current density of

0.5 A/cm3. The electrode immersed for five days exhibits an excellent cycling stability (83.7% of the initial capacity after

3000 cycles at a current density of 1 A/cm3). Furthermore, symmetric supercapacitor (SC) devices were assembled using ribbons

immersed for seven days and showed a maximum volumetric energy density of ca. 32.7 mWh/cm3 at a power density of

0.8 W/cm3, and of 13.7 mWh/cm3 when the power density was increased to 2 W/cm3. The fully charged SC devices could light up

a red LED. The work provides a new idea for the synthesis of nanostructured Ni(OH)2 by a simple approach and ultra-low cost,

which largely extends the prospect of commercial application in flexible or wearable devices.
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Introduction
Nowadays, environmental contamination and energy crisis

require new energy storage devices. This leads to a consider-

able interest in the research of supercapacitors because of their

higher power density, longer cycling stability and faster charge/

discharge periods compared to batteries [1-4]. Generally

speaking, supercapacitors fall into two categories with different

energy storage mechanisms. One is electrical double-layer

supercapacitors (EDLCs) dominated by the electrostatic adsorp-

tion/desorption of electrolyte ions on the electrode surfaces. In

EDLCs carbonaceous materials and their derivatives, such as

active carbon, porous carbon, graphene, carbon nanotubes with

good electrical conductivity and high specific surface area, are

most commonly employed as electrode materials [5-7]. The

other category are pseudocapacitors governed by reversible

faradic redox reactions at the interface between active materials

and electrolyte, for which transition metal oxides/hydroxides

with multiple valence are used as electrode materials [8,9].

EDLCs hold a high power density and long cycling stability,

but their practical application is limited by the low energy den-

sity. In comparison, pseudo-capacitors possess a higher energy

density and are regarded as promising candidates for energy

storage systems [10]. Among the various transition metal

oxides/hydroxides, Ni(OH)2 is an ideal candidate for pseudo-

capacitors due to its unique features such as high theoretical

capacity and outstanding redox performance. Moreover, they

are environmentally friendly, easily available and inexpensive

[11-14]. However, bulk Ni(OH)2 is a semiconductor material

with poor electrical conductivity [15], which leads to low

capacity at a high scan rate and poor cycling stability. In order

to overcome this shortcoming of bulk nickel hydroxide, various

morphologies of Ni(OH)2 with a large specific surface area

have been developed.

The conventional preparation method of Ni(OH)2 composite

electrodes is to press a slurry of nickel hydroxide, conductive

agents and binders on a conductive substrate (Ni foam, usually)

[16-19]. However, this fabrication strategy is complicated and

unsafely [20]. In addition, the presence of non-conductive

binders not only increases the internal resistance but also the

total mass of electrode, thus reducing the electrochemical per-

formance. Therefore, the in situ synthesis of nickel hydroxide

without binders has become a hot topic in recent years. For

instance, Ni(OH)2 active materials have been loaded on stain-

less steel [21], carbon foam [22] and three-dimensional (3D)

graphite foam [23]. Furthermore, 3D porous nickel materials

have been used extensively as conductive substrate for elec-

troactive Ni(OH)2 in supercapacitors because of the large sur-

face area, good conductivity and compatibility with nickel

hydroxide. Yuan et al. synthesized porous Ni(OH)2/NiOOH net

on Ni foam by a chemical bath deposition and the electrode

showed good rate capability [24]. Ke et al. demonstrated a

nickel hydroxide@nanoporous gold/Ni foam electrode, which

was synthesized by electrodeposition of a Sn–Au alloy on

nickel foam with subsequent dealloying of Sn and electrodepos-

tion of Ni(OH)2 on the nanoporous gold/Ni foam [25]. Liu et al.

created Ni(OH)2/Cu2O nanosheets on nanoporous NiCu alloy

surfaces by a hydrothermal method in H2O2 solution [26].

However, all above syntheses of nickel hydroxides require high

temperature, nickel salts or/and oxidants that are toxic and hard

to clean up. Moreover, the use of noble metals also increases

the synthesis cost. To the best of our knowledge, there is no

report on the in situ synthesis of nickel hydroxide nanosheets on

Ni nanofoam through a simple and environmentally friendly

method.

In the present work, we propose a simple and environmentally

friendly two-step preparation, including the dealloying of

Ni40Zr20Ti40 metallic glass in HF solutions and then immersing

in deionized water for several days, to fabricate a binder-free,

sandwich-like Ni(OH)2 nanopetals/Ni nanofoam/metallic glass

(Ni(OH)2/Ni-NF/MG) electrode. Ni(OH)2 nanopetals intercon-

nected with each other grow uniformly on the surface of the Ni

nanofoam, which shortens the ions diffusion distance and facili-

tates the electrolyte transport. The as-synthesized Ni(OH)2/Ni-

NF/MG electrodes demonstrate an excellent flexibility due to

the ductile MG matrix and a good electrochemical performance.

Moreover, the influence of immersion time in deionized water

on the evolution of the Ni(OH)2 nanopetals and the specific ca-

pacitance of Ni(OH)2/Ni-NF/MG electrodes are investigated.

Symmetric supercapacitor (SC) devices were also assembled

and tested in this work.

Experimental
Synthesis
A general synthesis scheme is depicted in Figure 1a. Firstly, the

Ni40Zr20Ti40 (atom %) MG ribbons (2 mm wide and 20–30 µm

thick) are fabricated by arc melting of the pure metals

(99.99 wt %) followed by melt spinning [27,28]. Subsequently

the dealloying process, as reported in our previous work

[29,30], is carried out in 0.05 M HF solution for 4 h open to air

at 298 K to form a Ni nanofoam layer on the MG surface. The

dealloyed strips were washed with deionized water for three

times and then immersed in deionized water for two, five or

seven days at 298 K. Thereafter, the Ni(OH)2 nanopetals

network was grown in situ on the Ni nanofoam. As a result of

this growing process Ni(OH)2/Ni-NF/MG electrodes (ca. 2 mm

wide and ca. 25 µm thick) were successfully obtained and were

denoted as Ni(OH)2/Ni-NF/MG-2, Ni(OH)2/Ni-NF/MG-5,

Ni(OH)2/Ni-NF/MG-7, respectively, according to the number of

days immersed.



Beilstein J. Nanotechnol. 2019, 10, 281–293.

283

Figure 1: (a) Schematics of the fabrication process of the sandwich-like Ni(OH)2/Ni-NF/MG composite electrodes; (b, c) photographs of the as-fabri-
cated electrodes with excellent flexibility.

Instrumental methods
The phase structure of the as-obtained composites was

measured by X-ray diffraction (XRD, Bruker D8) with Cu Kα

radiation. Chemical composition and valence state of the prod-

ucts were studied using X-ray photoelectron spectroscopy

(XPS, Thermo Fisher Scientific). The surface morphology of

the samples was characterized using a scanning electron micro-

scope (SEM, Nova nanoSEM 450) equipped with an X-ray

energy dispersive spectroscope (EDS) and a transmission elec-

tron microscopy (TEM, JEOL JEM-2100). The preparation

process of the TEM sample was as follows: Firstly, the active

materials were scraped off with a knife. Then the materials were

dispersed in ethanol with ultrasonic vibration. Finally, the

dispersed materials were dripped on copper mesh supported car-

bon film.

Electrochemical measurements
The electrochemical tests of the Ni(OH)2/Ni-NF/MG elec-

trodes were carried out in a standard three-electrode cell. The

Ni(OH)2/Ni-NF/MG composites, a Pt net, and a Ag/AgCl elec-

trode were employed as the working electrodes, the counter

electrode and the reference electrode, respectively. Cyclic

voltammograms (CV), galvanostatic charge/discharge curves

(GCD) and electrochemical impedance spectroscopy (EIS) mea-

surements were carried out using an electrochemical worksta-

tion (Chenhua CHI660D, China) in 1 M KOH aqueous solution

at 298 K. The CV curves were examined in the voltage window

of 0 to 0.5 V (vs Ag/AgCl) at scan rates of 2.5, 5, 10, 20, 50,

100 mV/s, and the GCD curves were collected at current densi-

ties of 0.5, 1, 2, 4, 8,12 A/cm3. The volumetric capacitance,

based on the whole volume of the electrode including Ni-NF,

MG and active materials, was calculated by the following equa-

tions according to GCD curves [31]:

(1)

where Cv is the volumetric capacitance, Δt is the discharge

time, ΔV is the voltage range, I is the discharge current, and V is

the nominal volume of the free-standing electrode. The volu-

metric capacitance can be also calculated by the following

formula according to CV curves:

(2)

where φi and φf are initial and final potential, i is the current, dφ

is the potential differential, and v is the scan rate of CV curves.

EIS tests were performed by applying an AC voltage with 5 mV

amplitude within a frequency range of 0.01 to 1000 kHz under

open-circuit potential conditions.

Assembly of symmetrical energy storage
devices
The SC devices were assembled in a commercial 2032 button-

cell shell, using Ni(OH)2/Ni-NF/MG-7 as active material, non-

woven fabrics as separator and 1 M KOH as electrolyte under

the pressure of 60 kg/cm2. The lengths of positive and negative
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Figure 2: Low- and high-magnification SEM images of (a, e) the as-dealloyed ribbon, (b, f) Ni(OH)2/Ni-NF/MG-2, (c, g) Ni(OH)2/Ni-NF/MG-5, and
(d, h) Ni(OH)2/Ni-NF/MG-7; the insets are the corresponding cross-sectional views. (i) Nanopetals length and space size of petals as functions of the
immersion time. (j) XRD patterns of the as-spun, as-dealloyed and Ni(OH)2/Ni-NF/MG electrodes.

ribbon are both of 15 cm in total. The SC device was tested by a

two-electrode cell system. The CV curves were obtained at scan

rates of 10, 20, 50 and 100 mV/s and the GCD curves were ex-

amined at current densities of 0.5, 1, 1.5, 2 A/cm3. The voltage

of a fully charged SC device was further measured with a

VC890C+ digital multimeter. The volumetric energy density

(EV, Wh/cm3) and power density (PV, W/cm3) of a single SC

device are calculated by the following equations:

(3)

(4)

where Csc is the specific capacitance, ΔVsc is the potential

range, and Δt is the discharge time of a single SC device.

Results and Discussion
Material structure
The sandwich-like Ni(OH)2/Ni-NF/MG composite electrode

inherits the excellent flexibility and ductility of Ni40Zr20Ti40

MG after dealloying in 0.05 M HF solutions for 4 h and being

immersed in deionized water for two to seven days. As depicted

in Figure 1b and Figure 1c, the as-synthesized Ni(OH)2/Ni-NF/

MG electrodes can be bent into a small circle with a diameter of

about 5 mm. Amazingly, it can be also tied into a small

bowknot. Therefore, the as-prepared Ni(OH)2 nanopetals com-

posite can be directly used as electrode for a supercapacitor

without any binders.

The morphologies of the as-dealloyed ribbons and as-prepared

electrodes were examined by SEM, as shown in Figure 2a–h.

The plane-view (Figure 2a) and the enlarged partial view

(Figure 2e) show that the sample after dealloying possesses a

3D continuous pore structure with a ligament size of

ca. 100 nm, which provides a path for the transportation of both

electrons and ions in the electrolyte, resulting in the improved

electrochemical performance. After immersing the dealloyed

sample in water for two days, rose petal-like Ni(OH)2 with

network structure are formed, as seen in Figure 2b. From

Figure 2c,d, it is found that some flower-like structures (marked

by arrows) composed of Ni(OH)2 nanopetals are formed upon

the surface of the Ni(OH)2 nanopetals network, and are

becoming larger with longer immersion time. These over-
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Figure 3: (a) Cross-sectional SEM images of the Ni(OH)2/Ni-NF/MG-5, the inset is a local high-resolution image; (b, c) low- and high-magnification
TEM images; (d) HRTEM image; (e) SAED pattern of Ni(OH)2 nanopetals.

growths of flower-like structures may arise from nucleation and

coalescence processes [32]. The thickness of the nanopetals

rises with immersion time from 0.5 μm (inset of Figure 2b) over

1.0 μm (inset of Figure 2c) to 1.5 μm (inset of Figure 2c). We

can see from Figure 2f–h that the curly Ni(OH)2 nanopetals

interweave and grow vertically on the surface of the Ni

nanofoam, which forms an “ion reservoir”. In addition, length

and spacing of Ni(OH)2 nanopetals grow with immersion time.

The length of Ni(OH)2 nanopetals changes from ca. 600 to ca.

1200 nm and the spacing between them changes from ca. 300 to

ca. 550 nm, as plotted in Figure 2i. This structural character-

istic of an “ion reservoir” would bring about fast ion/electron

transfer, short ion transport distances and sufficient contact at

active material/electrolyte interfaces, which might improve the

electrochemical performance [33].

Figure 2j shows typical XRD patterns of the as-spun ribbon, the

as-dealloyed ribbon and the as-synthesized Ni(OH)2/Ni-NF/MG

composites immersed in deionized water for different days. The

original ribbon presents a characteristic broad halo peak of

metallic glass without appreciable sharp crystalline peaks, indi-

cating the formation of a single homogeneous metallic glassy

structure. After dealloying, in addition to a broad halo peak, two

peaks located at 44.5° and 51.8° can be assigned to the (111)

and (200) planes of Ni metal (JCPDS no. 04–0850), respective-

ly. This further confirmed the formation of the Ni nanofoam

layer after dealloying of MG precursors. The other diffraction

peaks at 19.2°, 33.1°, 38.5°, 59.1° can be attributed to the (001),

(100), (101) and (110) planes of β-Ni(OH)2 (JCPDS no.

14–0177), respectively, suggesting the successful synthesis of

Ni(OH)2 nanopetals upon the Ni nanofoam surface after

immersing in deionized water for several days.

To understand the structure of the as-obtained electrode, the

cross-sectional view of the sample immersed in deionized water

for five days is investigated (Figure 3a). The sandwich-like

Ni(OH)2 composite electrode is successfully prepared after

initially dealloying the MG precursor and subsequently

immersing the dealloyed sample in deionized water. The layers

of the structure are in close contact with each other, indicating

the good integrity of the electrode. The inset is a locally magni-

fied SEM image showing the structure of the “ion reservoir”

and is in accordance with the SEM images in Figure 2c and

Figure 2g. Morphology and structure of as-synthesized Ni(OH)2

nanopetals are further observed by TEM. As seen from

Figure 3b, the intersected nanopetals are loaded on the Ni

nanofoam. Figure 3c shows the high electron transparency of

the nanopetals with several layers stacked together, indicating

an ultrathin nature [12,34]. The high-resolution TEM image in

Figure 3d provides more detailed lattice structure information of

the Ni(OH)2 nanopetals. The interplanar distances of 0.156 nm

and 0.234 nm are related to the (110) and (101) planes of the
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Ni(OH)2, respectively. The SAED pattern taken from a single

nanopetal shown in Figure 3e indicates that the Ni(OH)2

nanopetals are polycrystalline. The diffraction rings belong to

the (100), (101), and (110) planes of Ni(OH)2, respectively,

which is consistent with the XRD results and can further

confirm the successful synthesis of Ni(OH)2 nanopetals. It is

worth noting that the sandwich-like Ni(OH)2/Ni-NF/MG com-

posite electrode exhibits excellent flexibility. This can be ex-

plained by the fact that the Ni-NF/MG substrate was obtained

by dealloying ductile Ni40Zr20Ti40 MG. The cross section

(Figure 3a) shows that the Ni-NF layer smoothly adheres to the

MG matrix. The thickness of the Ni-NF layer is ca. 1.5 μm; the

Ni40Zr20Ti40 MG is ca. 22 μm thick. It is well known that

Ni-based MGs exhibit a much larger elasticity and ductility than

their corresponding crystalline alloys. A sufficiently thick MG

layer acts as a ductile support to the dealloyed Ni-NF/MG sub-

strate. In additon, the in situ growth in deionized water offers a

good connection between Ni-NF and Ni(OH)2.

The growth mechanism of Ni(OH)2
nanopetals
According to the SEM images (Figure 2b–d), Ni(OH)2

nanopetals and flower-like microspheres grow on the surface of

Ni-NF/MG after immersion in water. A possible growth mecha-

nism of Ni(OH)2 nanopetals is proposed in the following. A

large amount of defects (twin boundaries, stack faults and/or

dislocations) were generated in the nanoporous metal ligament

surface after dealloying [35]. When the nanoporous Ni (Ni-NF)

with many defects with higher distortion energy was placed in

deionized water, many microgalvanic cells were formed at the

surface of Ni-NF. Most likely, the following electrode reac-

tions of a microgalvanic cell take place [36]:

(5)

(6)

(7)

Based on the above reactions, Ni(OH)2 crystals nucleated and

grew at the surface of 3D Ni-NF ligaments. The morphological

change of Ni(OH)2 nanopetals after different immersion times

was shown in Figure 2. The pH value of deionized water is

about 7.0. Research has shown that when the pH value is

higher, the crystals tend to grow into a flake structure in the

[100] or [010] directions [37]. The anisotropic growth leads to

the formation of high-density crosslinked nanopetals. The

flower-like structures composed of Ni(OH)2 nanopetals are

formed through Ostwald ripening [38]. Meanwhile, the dis-

solved tiny and unstable plates provide the source material for

the growth of plates during the dissolution and recrystallization

process. The dissolved nickel atoms may continuously attach

and bond to the surface of larger nanopetals, and form flower-

like structures in order to achieve a minimum total free energy.

Chemical characteristics of the composite
surface
In order to clarify the changes in chemical state of the elements,

XPS measurements are performed for the as-spun, as-dealloyed,

and as-synthesized Ni(OH)2 specimens. Figure 4a shows that

the XPS spectra over a wide energy region exhibit the main

peaks of Zr 3d, Ti 2p, O 1s, and C 1s for the as-spun Ni-Zr-Ti

alloy, while large peaks of Ni 2p and O 1s appear for both the

as-dealloyed alloy and as-synthesized Ni(OH)2. It is found that

the intensity of O 1s peak greatly increases for the as-dealloyed

alloy immersed in deionized water for five and seven days. The

deconvolution results of the Ti 2p and Zr 3d spectra measured

for the as-spun and as-dealloyed alloy, respectively, are shown

in Figure 4b and Figure 4c, respectively. For the as-spun alloy,

it is found that the large peaks correspond to Ti4+ and Zr4+ on

the alloy surface, whereas the minor peaks are associated to

lower oxidation states. These phenomena can be explained

through a preferential oxidation of Ti and Zr during the alloy

fabrication and the subsequent oxidation exposed to the air.

After immersion in 0.05 M HF for 4 h, the signals for Ti and Zr

become very weak due to the dissolution of Ti and Zr. It is clar-

ified that the surface film of as-spun alloy mainly consists of

Ti4+ and Zr4+ oxides. On the other hand, Figure 4d and

Figure 4e reveal the Ni 2p3/2 and O 1s peaks obtained from the

as-spun alloy and as-dealloyed alloy before and after immer-

sion in deionized water. The O 1s region analyzed by using a

Gaussian fitting method (Figure 4e) shows three chemical states

of oxygen. The strong peak at 531.1 eV is related to bound

hydroxide groups (OH−) and the peak at 529.9 eV is assigned to

a typical metal–oxygen bond (O–M). Additionally, the peaks at

532.1 eV can be ascribed to water adsorbed at the material sur-

face [39]. For the as-dealloyed sample before and after immer-

sion in water, the Ni 2p3/2 spectrum (Figure 4d) consists of a

major characteristic peak at 855.8 eV corresponding to Ni(OH)2

and two satellite peaks (indicated as s.), which is in good agree-

ment with previous reports [40,41]. It should be mentioned that

the Ni hydroxide peak increases greatly with longer immersion

times, indicating that the immersion facilitates the in situ

growth of Ni(OH)2 on the Ni nanofoam surface.

Supercapacitor performance
The electrochemical performance of the Ni(OH)2 nanopetals on

Ni nanofoam was evaluated systematically by CV and GCD

measurements with a three-electrode cell in 1 M KOH aqueous

solution at 298 K (Figure 5). The CV curves of the Ni(OH)2/Ni-

NF/MG-2, Ni(OH)2/Ni-NF/MG-5, and Ni(OH)2/Ni-NF/MG-7
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Figure 4: XPS spectra of the elements of the as-spun ribbon, as-dealloyed ribbon and as-synthesized electrode: (a) survey spectrum, (b) Ti 2p,
(c) Zr 3d, (d) Ni 2p and (e) O 1s.

Figure 5: (a) CV curves of the Ni(OH)2/Ni-NF/MG-2, Ni(OH)2/Ni-NF/MG-5, Ni(OH)2/Ni-NF/MG-7 electrodes at a scan rate of 0.5 mV/s in 1 M KOH
solution; (b) GCD curves of the Ni(OH)2/Ni-NF/MG-2, Ni(OH)2/Ni-NF/MG-5, Ni(OH)2/NiNF/MG-7 at a current density of 0.5 A/cm3; (c) CV curves of
the Ni(OH)2/Ni-NF/MG-5 at different scan rates from 2.5 to 100 mV/s; (d) GCD curves of the Ni(OH)2/Ni-NF/MG-5 at different current densities from
0.5 to 12 A/cm3.
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electrodes at the scan rate of 2.5 mV/s with the potential

window from 0 to 0.5 V are shown in Figure 5a. A set of strong

redox peaks can be clearly detected for the three electrodes,

which corresponds to reversible reactions of Ni2+ ↔ Ni3+. The

redox peaks illustrate that pseudo-capacitive behavior occurred

at the electrode/electrolyte interface. The corresponding kineti-

cally reversible faradic redox reaction involved in the electro-

chemical process is [25,42]:

(8)

The specific capacitance of Ni(OH)2/Ni-NF/MG-2, Ni(OH)2/

Ni-NF/MG-5 and Ni(OH)2/Ni-NF/MG-7 calculated from the

CV curves are 728.1, 823.8 and 866.3 F/cm3, respectively. It is

notable that the anodic peak of the Ni(OH)2/Ni-NF/MG-7 elec-

trode is shifted to a more positive value than the other two

peaks, which is related to the poor conductivity (larger ohmic

resistance) of Ni(OH)2 nanopetals [21,43]. Larger ohmic resis-

tance leads to slow kinetics of charge transport and interfacial

charge transfer of the material. Thus, the electrode reaction rate

slows down, resulting in a reduced reversibility of the redox

processes. This is consistent with the SEM images (Figure 2d

and Figure 2h) of the samples immersed in deionized water for

seven days showing the thickest Ni(OH)2 nanopetals layer

among the experimental samples. The GCD curves measured at

current density of 0.5 A/cm3 for the three Ni(OH)2/Ni-NF/MG

electrodes further elucidate the pseudo-capacitance characteris-

tics, as shown in Figure 5b. Every GCD curve has an obvious

charge–discharge plateau and the voltage position is in agree-

ment with the CV curves, demonstrating that the faradic redox

reactions mainly contribute to the capacitance. The specific ca-

pacitance values of the electrodes were calculated from Equa-

tion 1. The Ni(OH)2/Ni-NF/MG-7 electrode presented the

highest volumetric capacitance value of 966.4 F/cm3. It is worth

noting that the real value of the volumetric capacitance should

be much higher, because the present volumetric capacitance is

calculated by the total volume of the sandwich-structured elec-

trode, and the volume of active Ni(OH)2 accounts for only a

small proportion of the whole electrode. Figure 5c discloses the

CV response of Ni(OH)2/Ni-NF/MG-7 at different scan rates

ranging from 2.5 to 100 mV/s. The results indicate that the cur-

rent response increases with an increase of the scan rate. More-

over, it is found that the reduction peaks are shifted to more

negative values with the increase of the scan rate, whereas the

anodic peaks are shifted to more positive values and finally

disappear at scan rates above 20 mV/s. This phenomenon is

related to electrochemical polarization, i.e., the electron flow

rate not keeping pace with the electrode reaction [44]. The GCD

(Figure 5d) was recorded at different current densities from 0.5

to 12 A/cm3. The nonlinear GCD curves confirm typical

Figure 6: (a) Volumetric capacitance of the Ni(OH)2/Ni-NF/MG-2,
Ni(OH)2/Ni-NF/MG-5, Ni(OH)2/Ni-NF/MG-7 electrodes at different dis-
charge current densities; (b) volumetric capacitance versus cycle num-
ber of Ni(OH)2/Ni-NF/MG-5 at a galvanostatic charge and discharge
current density of 1 A/cm3.

pseudo-capacitive behavior, which is also in accord with

Figure 5c.

Figure 6a shows the volumetric capacity of the three electrodes

obtained from the GCD curves at different current densities ac-

cording to Equation 1. As we can see, the volumetric capaci-

tance of the three electrodes decreases when the current density

is changed from 0.5 to 12 A/cm3. This is the results of less elec-

troactive materials being available because of limited ion diffu-

sion when the discharge current density increases [45]. The

volumetric capacitance values of Ni(OH)2/Ni-NF/MG-7 are

found to be 966.4, 915.1, 852.4, 761.8, 568.9 and 328 F/cm3 at

discharge current densities of 0.5 1, 2, 4, 8 and 12 A/cm3 (reten-

tion ratio 34%), respectively, whereas for the Ni(OH)2/Ni-NF/

MG-5 electrode, it is 822.6, 798.7, 781.3, 758.2, 730.7 and

720 F/cm3 (retention ratio 87.5%), respectively, and for

Ni(OH)2/Ni-NF/MG-2, it is 637.7, 628.9, 632.0, 629.3, 620.4

and 624.0 F/cm3 (retention ratio 97.9%), respectively. Obvi-

ously, the rate performance of the Ni(OH)2/Ni-NF/MG-2 elec-

trode is the best, while that of Ni(OH)2/Ni-NF/MG-7 is the
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Figure 7: (a, b) Low- and high-magnification SEM images of Ni(OH)2/Ni-NF/MG-5 after a 3000 cycles at a GCD current density of 1 A/cm3;
(c, d) Nyquist plots of Ni(OH)2/Ni-NF/MG-2, Ni(OH)2/Ni-NF/MG-5, Ni(OH)2/Ni-NF/MG-7 and Ni(OH)2/Ni-NF/MG-5 after 3000 cycles at a GCD current
density of 1 A/cm3.

worst. That is probably because the structural differences of the

surface Ni(OH)2. When the immersion time is short, the

Ni(OH)2 nanopetals exhibit a network shape. With increasing

immersion time, clusters of nanopetals accumulate into a flower

morphology upon the Ni(OH)2 network layer, resulting in a

thickness increase of the Ni(OH)2 layer and a decline in

conductivity. A higher conductivity of the electrode leads to a

better rate performance. Good conductivity makes the electrode

stand up the impact of higher currents. This is due to the fast

electron transfer occurring at high current densities through

which the minimum specific capacitance is reduced when com-

pared to its initial value [46]. Cycle performance is another key

factor affecting the practical application of electrode materials.

The cycling stability (Figure 6b) of the Ni(OH)2/Ni-NF/MG-5

electrode is evaluated by a continuous GCD test up to

3000 cycles at a current density of 1 A/cm3. It is noticed that the

capacitance of Ni(OH)2/Ni-NF/MG-5 decreases gradually with-

out an obvious activation process. The Ni(OH)2/Ni-NF/MG-5

delivers a relatively high specific capacitance of 687.7 F/cm3

with 86.1% retention of its initial capacitance after 2000 cycles,

and even shows an excellent cycling stability of 83.7% after

3000 cycles. Although the capacitance retention of Ni(OH)2/

NiNF/MG-5 is not comparable to those of a 2D MoSe2-

Ni(OH)2 nanohybrid electrode (90% retention after 3000 cycles

at 2 A/g) [46] and a NiCo-LDH composite electrode (90%

retention after 5000 cycles at 20 mA/cm2) [47], it exceeds most

of the Ni(OH)2@Ni foam electrodes [14,42,48].

In order to explain the decline in the cycling performance of

Ni(OH)2/Ni-NF/MG-5, the microstructure of the electrode after

3000 cycles was observed by SEM (Figure 7a,b). It is found

that Ni(OH)2 nanopetals become thicker and interweave into a

catkin-like morphology. Though a certain amount of nanopetals

still remains, the “ion reservoir” structure is badly damaged.

This results in a decrease in the surface area of active materials

and subsequently leads to the decline in the volumetric capaci-

tance of the electrode.

Impedance spectroscopy
To better understand the kinetics of the charge transfer within

the electrodes, EIS measurements were also carried out. The

impedance spectra (Nyquist plots) are shown in Figure 7c,d.

The inset is the equivalent electrical circuit. The intersection

with the Z′-axis represents the equivalent series resistance (Rs).

All Nyquist plots exhibit a small semi-circle at high frequen-

cies and a straight line at low frequencies. The semicircle repre-
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Figure 8: (a) CV curves and (b) GCD curves of a single SC device; (c) Ragone plot of the SC device; (d) voltage of a single fully charged device and
a red LED bulb powered by two SC.

sents the charge transfer impedance (Rct) for the redox reaction

of Ni(OH)2/NiOOH at the electrode/electrolyte interface. The

straight line at low frequencies indicates the diffusive resis-

tance of the electrolyte ions (Warburg impedance) [49]. The

simulated Rs values of the three electrodes are 1.27, 1.48 and

2.87 Ω/cm2. Moreover, the Ni(OH)2/Ni-NF/MG-2 exhibits the

smallest Rct value of 0.011 Ω/cm2, indicating its lowest charge

transfer resistance. This is why Ni(OH)2/Ni-NF/MG-2 exhibits

the best rate performance, whereas Ni(OH)2/Ni-NF/MG-7 ex-

hibits the worst (Rct = 0.028 Ω/cm2). Besides, Ni(OH)2/Ni-NF/

MG-5 with the maximum slope at low frequency has the fastest

ion diffusion rate among the three electrodes. It is found that

both charge transfer resistance and ion diffusion resistance of

the Ni(OH)2/Ni-NF/MG-5 increase after 3000 cycles, which is

related to the agglomeration of Ni(OH)2 nanopetals.

Performance of energy storage devices
In order to further show the good energy storage performance of

the as-prepared sandwich-like electrodes, the SC devices were

assembled using Ni(OH)2/Ni-NF/MG-7. The CV and GCD

curves of a single SC device are shown in Figure 8. CV and

GCD curves present a higher voltage window of ca. 1.6 V. The

calculated Ragone plot of a single SC device according to Equa-

tion 3 and Equation 4 is shown in Figure 8c. The volumetric

energy densities are 32.7, 27.1, 17.3, 13.7 mWh/cm3 at

power densities of 0.8, 1.2, 1.6, 2.0 W/cm3, respectively.

The highest energy density in this work is comparable to

that of a Ni@Ni(OH)2//graphene-CNT hybrid SC device

(33.9 mWh/cm3 at a power density of 0.2 W/cm3) [50] and

better than that of our previous NiO/np-Ni/MG symmetric

supercapacitor device (19.82 mWh/cm3 at 0.4 W/cm3) [51].

This volumetric energy density is approximately three

times larger than that of a thin-film lithium ion battery

(1–12 mW h/cm3, 4 V/500 μAh) [52] and far exceeds that of a

MnO2-Ni(OH)2/AB//active carbon asymmetric supercapacitor

(3.62 mWh/cm3 at 11 mW/cm3) [39] and a NiCo-LDH//AC

asymmetric capacitor (7.4 mWh/cm3 at 103 mW/cm3) [47].

After being fully charged, the voltage of a single SC device was

measured with a digital multimeter. After a slow drop to

1.158 V, the voltage remains constant, as shown in Figure 8d.
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Table 1: Comparison of Ni(OH)2/Ni-NF/MG with other electrode materials.

electrodes preparation
method

Csp
a rate capability cycling stability ref.

3D-porous Ni(OH)2 solvothermal
precipitation

2110 F/g at 1.0 A/g 55.5%, 10-fold 2000 cycles at 5 A/g, 53% retention [40]

Ni(OH)2/NFb hydrothermal 3.51 F/cm2 at
2 mA/cm2

46.2%, 20-fold 7500 cycles at 20 mA/cm2,
95.5% retention

[41]

Ni(OH)2 nanosheets hydrothermal 609.2 C/g at 1 A/g 62.4%, 20-fold 1000 cycles at 5 A/g, 83.3% retention [42]
2D MoSe2-Ni(OH)2 hydrothermal 1175 F/g at 1 A/g 85.6%, 10-fold 3000 cycles at 2 A/g, 90% retention [46]
NiCo2S4@Ni(OH)2 hydrothermal and

electrodeposition
680 F/g at 5 mA/cm2 94.9%, 20-fold 2000 cycles at 40 mA/cm2,

81.4% retention
[48]

Ni(OH)2@ACMTc acid treatment
and hydrothermal

1568 F/g at 1 A/g 51.1%, 20-fold 3000 cycles at 5 A/g, 84.3% retention [53]

Ni(OH)2@NFb hydrothermal 693 F/g at 4 A/g 34.8%, 3-fold 3000 cycles at 10 A/g, 77.3% retention [54]
CNTd@Ni(OH)2 chemical bath

deposition
1136 F/g at 2 A/g 33.8%, 10-fold 1000 cycles at 8 A/g, 92% retention [55]

Ni(OH)2/Ni-NFe/MGf dealloying and
water-immersion

822.6 F/cm3 at
0.5 A/cm3

87.5%, 24-fold 3000 cycles at 1 A/cm3, 83.7% retention this
work

aspecific capacitance; bNi foam; cacid-treated carbon microtubes; dcarbon nanotubes; enanofoam; fmetallic glass.

The two SC devices connected in series could power a red LED

(1.8 V and 20 mA, inset of Figure 8d) for more than 2 min,

which indicates that the as-prepared electrodes have a good

energy storage performance.

Table 1 presents a summary of several electrode performance

values compared with previous literature [40-42,46,48,53-55].

Although the cycling stability of the Ni(OH)2/Ni-NF/MG elec-

trode is not comparable to that of Ni(OH)2/NF [41] and 2D

MoSe2-Ni(OH)2 composite electrodes [46], the rate capability

of Ni(OH)2/Ni-NF/MG electrode is greater than that of the two

latter electrodes. (The capacitance retention rate still reaches

87.5% with 24-fold increase in current density). Except for the

higher rate capability of NiCo2S4@Ni(OH)2 composite elec-

trode with lower cycling stability [48], the present Ni(OH)2/Ni-

NF/MG electrodes, which were obtained by a much easier envi-

ronmentally friendly and cost-effective method, exhibit compa-

rable or much better electrochemical performance among the

electrodes based on electro-active Ni(OH)2. Besides, the key

point is that Ni(OH)2/Ni-NF/MG electrodes exhibit excellent

flexibility, which is a prominent feature of Ni(OH)2/Ni-NF/MG

electrodes and meets the requirements of wearable devices. The

outstanding electrochemical performance of Ni(OH)2/Ni-NF/

MG electrodes can be ascribed to the following analysis of its

unique sandwich-like electrode structure: Firstly, the conduc-

tive ligaments of the 3D continuous Ni nanofoam together with

Ni-based MG substrate can provide multidimensional electron

and ion transport pathways during the reversible faradic redox

processes. Remarkably, the Ni(OH)2/Ni-NF/MG electrodes

demonstrate an excellent flexibility and they can be bent into a

circle with a diameter of ca. 5 mm and even be tied into a small

bowknot, which indicates the integrated internal structure of the

electrode. Secondly, the squiggly interconnected nanopetals

grown on the 3D Ni nanofoam can play the role of an “ion

reservoir”, yielding fast ion transfer, short ion transport dis-

tances and sufficient contact at active material/electrolyte inter-

faces. Finally, a complete integrated electrode is formed by the

close bonding between the Ni(OH)2 nanopetals and the Ni

nanofoam substrate, avoiding the addition of conductive agent

and binder, resulting in highly efficient electron transfer and ion

transport. Accordingly, the sandwich-like Ni(OH)2/Ni-NF/MG

electrodes with good energy storage performance, high cycling

stability as well as excellent flexibility are a promising prospect

in wearable energy storage devices.

Conclusion
In summary, a sandwich-like Ni(OH)2/Ni-NF/MG electrode

with good flexibility was synthesized through a two-step syn-

thesis including the dealloying of ductile Ni40Zr20Ti40 metallic

glass to form a Ni nanofoam interlayer and subsequent immer-

sion in water to create a Ni(OH)2 nanopetal network on the Ni

nanofoam surface. The Ni(OH)2 nanopetals interweave with

each other and grow vertically on the surface of Ni nanofoam to

create an “ion reservoir”, which facilitates the ion diffusion in

the electrode reaction. Because of this unique structure, the

Ni(OH)2/Ni-NF/MG-7 electrode reveals a high volumetric ca-

pacitance of 966.4 F/cm3 at a current density of 0.5 A/cm3 and

the Ni(OH)2/Ni-NF/MG-5 electrode exhibits an excellent

cycling stability (83.7% of the initial capacity after 3000 cycles

at a current density of 1 A/cm3). In addition, symmetric super-

capacitor (SC) devices were assembled using Ni(OH)2/Ni-NF/

MG-7 and showed a maximum volumetric energy density of
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ca. 32.7 mWh/cm3 at a power density of 0.8 W/cm3, and of

13.7 mWh/cm3 when the power density increased to 2 W/cm3.

We proved for the first time that Ni(OH)2 nanopetals were suc-

cessfully prepared without elevated temperatures and nickel salt

additives. This work may provide with a new idea for the syn-

thesis of nanostructured Ni(OH)2 by a simple and environmen-

tally friendly approach.
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Abstract
We report on a wet chemistry method used to grow PtSe2 nanosheets followed by thermal annealing. The SEM and TEM analysis

confirms the formation of PtSe2 nanosheets. Furthermore, XRD, Raman, XPS and SAED patterns were used to analyze the crystal

structure and to confirm the formation of the PtSe2 phase. The temperature-dependent Raman spectroscopy investigations were

carried out on PtSe2 nanosheets deposited on Si substrates in the temperature range 100–506 K. The shifts in Raman active Eg and

A1g modes as a function of temperature were monitored. The temperature coefficient for both modes was calculated and was found

to match well with the reported 2D transition metal dichalcogenides. A PtSe2 nanosheet-based sensor device was tested for its ap-

plicability as a humidity sensor and photodetector. The humidity sensor based on PtSe2 nanosheets showed an excellent recovery

time of ≈5 s, indicating the great potential of PtSe2 for future sensor devices.
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Introduction
Graphene, the most well-studied example of the two-dimen-

sional (2D) aromatic compounds, is the building block of all

forms of carbon allotropes [1]. In recent years, it has been

widely studied due to its extraordinary optical, electrical, me-

chanical, magnetic and chemical properties [2-5]. Like

graphene and its organic analogues [6], inorganic 2D metal

dichalcogenides also exhibit outstanding performance in many

applications including transistors, sensors, photodetectors, solar

cells, field emitters, battery materials, light harvesting and

energy storage devices, catalyst for H2 generation, and drug

delivery applications [7-12]. Most of the transition metal

dichalcogenides (TMDCs) are semiconducting in nature with

MX2 type – where M is a metal, M = W, Mo, Sn, Nb, V, etc.

from group IV–V and X represents the chalcogenides family,

X = S, Se, Te, etc. The metal atom M is sandwiched between

layers of chalcogenide (X) atoms in the structure X–M–X. The

https://www.beilstein-journals.org/bjnano/about/openAccess.htm
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TMDCs show diverse functional properties at the monolayer

level in contrast to bulk due to the quantum confinement effect.

Apart from this, these TMDCs, for example MoS2 and MoSe2,

show an indirect to direct band gap transition [13-17].

A 2D platinum diselenide (PtSe2) material has recently joined

the growing class of stable TMDCs due its promising applica-

tions. The 2D PtSe2 has not been explored much to date due to

difficulties in synthesis. It is well known that bulk PtSe2 is a

semimetal in nature with a nearly zero band gap [18,19]. With

the help of theoretical calculations such as density functional

theory (DFT) and local-density approximations (LDAs), it has

been observed that bulk PtSe2 shows a semimetallic nature and

single-layer PtSe2 has a semiconducting nature with a bandgap

of 1.2 eV. Bilayer PtSe2 is also a semiconducting material but

with a slightly smaller band gap than the monolayer material

[19]. This layer-dependent conversion of semimetal-to-semi-

conductor transition has potential for electronic device applica-

tions [20-22]. Bulk PtSe2 was first prepared in 1909 by Minozzi

from elements [23]. PtSe2 nanosheets have been recently pre-

pared by heating thin foils of platinum in selenium vapors at

400 °C [19,24]. In this paper we have synthesized few-layer-

thick PtSe2 nanosheets by a wet chemical method [25] at 90 °C

using chloroplatinic acid (H2PtCl6) and Se powder as precur-

sors followed by thermal annealing at 500 °C. Temperature-de-

pendent Raman spectroscopic characterization was carried out

on the materials.

Materials and Methods
All the chemicals such as chloroplatinic acid, Se powder, hexa-

methylenetetramine, and NaBH4 were purchased from Sigma-

Aldrich for the synthesis of PtSe2 nanosheets.

Synthesis method
The PtSe2 nanosheets were synthesized using a solvothermal

method followed by annealing at 500 °C using a previously de-

scribed method for PtSe2 synthesis [25]. The PtSe2 material was

prepared in two steps. The first step is the formation of the PtSe

complex on the wall of a container by a wet chemical method;

the second step is the phase transformation of PtSe2 by thermal

annealing. 0.5 mL of a 0.015 M solution of H2PtCl6 was mixed

with 0.5 mL of 0.5 M hexamethylenetetramine. In order to get a

homogeneous solution, the mixture was carefully stirred for

15–20 s until the colour of the solution became slightly yellow;

this is referred to as the Pt precursor. In another beaker 0.8 mg

of Se powder was added into a 10 mL ice-cold solution of

0.1 M NaBH4 which acts as a strong reducing agent for the

reduction of Se powder. The solution of Se was then heated in

an oil bath at 90 °C for ≈20 min in order to completely reduce

the Se. After complete reduction, the colour of the solution be-

came dark brown and is referred to as the Se precursor. The Pt

precursor was then slowly added into the Se precursor. The

colour of the solution was found to suddenly change to greenish

brown. The mixture was then kept undisturbed for ≈20 min.

After 20 min the complex of Pt and Se was formed on the wall

of the beaker. The complex was then washed several times

using deionized water. First complex was transferred onto a Si

substrate and heated at 100 °C on a hot plate. After complete

evaporation, the substrate was annealed in a chemical vapour

deposition system at 500 °C in argon gas atmosphere for 5 h.

Supporting Information File 1, Figure S1 shows the schematic

of the PtSe2 nanosheet synthesis steps.

Sensor device fabrication and testing
Sensor devices were fabricated on a tin-doped indium oxide

(ITO) substrate with a channel length of ≈300 µm and width

≈5 mm. The PtSe2 nanosheet powder was dispersed in

N-methyl-2-pyrrolidone (NMP) solvent and then drop casted

between the channels. The devices were further annealed in a

vacuum furnace at 170 °C to improve the contact resistance and

adhesion of the nanosheets with the substrate. The humidity

sensing performance was investigated by exposing the sensor

device to various relative humidity (RH) levels ranging from

11.3–97.3% as described in detail previously [26]. All of the

electrical tests such as current–voltage (I–V) and current–time

(I–t) measurements were carried out using a Keithley 2612A

system source meter which was attached to a computer through

a GPIB 488A interface. For the photodetection study, a green

LED was used. All sensor experiments were carried out at

ambient pressure and room temperature.

Results and Discussion
Structural characterization
The structural characterization was carried out using X-ray

diffraction (XRD) and Raman spectroscopy. Figure 1a shows

the typical XRD pattern of the as-prepared sample deposited on

a Si substrate. XRD was performed on a PANalytical X’pert pro

dual goniometer diffractometer using Cu Kα radiation. The

samples were mounted flat and scanned between 10 to 60°. The

XRD pattern of the as-prepared sample shows the strong char-

acteristic peaks around 2θ = 17.41° and 33.17° belonging to the

(001) and (011) planes of PtSe2. These values match well with

the JCPDS data card number (88-2281) and as observed in a

previous report [27]. Figure 1b shows the Raman spectra of the

as-prepared few-layer PtSe2 nanosheets. The Raman spectra

were recorded using a Renishaw microscope at a wavelength of

532 nm with laser power ≈25 mW and laser spot diameter

≈1 µm. The typical Raman spectra recorded at room tempera-

ture consist of two distinct peaks, one at ≈176 cm−1 correspond-

ing to the Eg mode and another slightly less intense peak at

≈205 cm−1 corresponding to the A1g mode. The Eg mode in the

Raman spectra corresponds to in-plane vibration due to the
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Figure 1: PtSe2 nanosheets. (a) Typical XRD pattern and (b) Raman spectra recorded at room temperature.

Figure 2: (a–d) Typical SEM images for PtSe2 nanosheets synthesized using the wet chemistry method.

opposite motion of the upper and lower Se atoms. The A1g

mode in the Raman spectra corresponds to the out-of-plane

vibration of Se atoms [22,28].

Morphological investigations were carried out using scanning

electron microscopy (SEM). Figure 2a–c shows SEM images of

few-layer PtSe2 with typical overlapping of multiple sheets on
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Figure 3: (a–c) Low-magnification TEM images and (d) a high-magnification TEM image, where the inset shows the selected area electron diffraction
(SAED) pattern for the as-synthesized PtSe2 nanosheets.

each other. Figure 2d shows an SEM image indicating a more

transparent thin layer of PtSe2 stacked on each other, exhibiting

the few-layer nature of the as-synthesized PtSe2 sample.

Figure 3a–c shows the low-resolution TEM images of the

as-synthesized PtSe2 sample clearly showing the sheet-like

morphology with lateral dimension of ≈700 nm. Figure 3d

shows a high-resolution TEM image of the PtSe2 nanosheets.

The inset of Figure 3d shows the selected area electron diffrac-

tion pattern (SAED) which depicts the crystalline nature of the

as-synthesized PtSe2 sample. The X-ray photoelectron spectros-

copy (XPS) spectra of the Pt 4f and Se 3d regions acquired on a

PtSe2 nanosheet sample were carried out on a film deposited on

the Si substrate. The Figure 4a represents the fitted spectrum for

Pt 4f7/2 and Pt 4f5/2 with binding energy 72.55 eV and

75.83 eV, respectively. Similarly, for Se, the binding energy

spectrum can be fitted by Gaussian–Lorentzian curves shown in

Figure 4b. The two peaks with binding energy 54.8 eV and

55.6 eV are observed for the 3d5/2 and 3d3/2 states, respectively.

There is one more peak observed in the Se region with low in-

tensity at 52.9 eV which corresponds to Pt 5d3/2 [24]. The thick-

ness of the as-prepared PtSe2 nanosheets was calculated using

atomic force microscopy (AFM). Figure 5a shows the AFM

image which clearly shows that the lateral dimensions of the

nanosheets are ≈700 nm. Figure 5b represents the correspond-

ing height profile plot for the PtSe2 nanosheet with thickness

found to be ≈47 nm.

Temperature-dependent Raman
spectroscopy of few-layer PtSe2 nanosheets
The temperature-dependent Raman spectroscopy investigations

of few-layer PtSe2 nanosheets were carried out between

100–506 K. The Raman spectra of the PtSe2 nanosheets at dif-

ferent temperatures are provided in Supporting Information

File 1, Figures S2 and S3. The Raman mode Eg and A1g as a

function of temperature is shown in Figure 6a,b. It can be

clearly seen that the position of the A1g and Eg modes shifts to
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Figure 4: (a) Deconvoluted XPS spectra for Pt and (b) Se elements.

lower wavenumbers as the temperature increases from 100 K to

506 K. The Raman modes Eg and A1g for PtSe2 behave linearly

within the temperature range 100–506 K. Furthermore, it was

observed that the full width half maximum (FWHM) increases

with an increase in temperature. The peak positions in the

Raman spectra were calculated by fitting the Lorentzian func-

tion to the A1g and Eg modes. The temperature coefficient can

be calculated by Equation 1 [29]:

(1)

where ω0 is the peak position of the A1g and Eg mode at zero

Kelvin, χ is the temperature coefficient of the A1g and Eg

modes, and ω is a Raman phonon frequency. The slope of the

Raman modes vs temperature plot directly gives the value of the

temperature coefficient and is given in Table 1. Further, it was

clearly seen that the Raman peak position and peak broadening

was affected by temperature. This change in Raman modes is

mainly due to the contribution from the thermal anharmonicity.

Figure 5: (a) AFM image and (b) AFM height profile plot for a PtSe2
nanosheet.

The Raman phonon frequency as a function of volume and tem-

perature is given by Equation 2 [30]:

(2)

where γ is the volume thermal coefficient and K represents the

isothermal volume compressibility. The first term on the right

hand side, −γ/K (∂lnω/∂P)T, represents the volume contribution

at a constant temperature. The second term, (∂lnω/∂T)V, repre-

sents the temperature contribution at constant volume. In single-

layer TMDCs due to the direct band gap, the double resonance

phenomenon is useful to explain the change in FWHM, intensi-

ty and the peak shift as a function of temperature. The double

resonance phenomenon can be attributed to several process in-

cluding absorption of an incident photon, creation of a hole pair,
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Figure 6: Temperature-dependent Raman spectra analysis for PtSe2
nanosheets for the (a) Eg mode and the (b) A1g mode as a function of
temperature.

Table 1: Temperature coefficient values for the A1g and Eg modes in a
PtSe2 nanosheet sample.

Material Raman
modes

Temperature
coefficient (χ)

∆ω (cm−1)

PtSe2
nanosheet

Eg −0.014 6.11
A1g −0.008 3.14

double scattering of a created hole pair by phonon, and recom-

bination of an electron–hole pair with emission of phonon. The

temperature coefficient for the Eg and A1g modes was found to

be −0.014 and −0.008, respectively. The nature of the tempera-

ture dependence of the Raman spectra of PtSe2 nanosheets is

found to be similar in nature to that of graphene and other 2D

materials such as MoS2, WS2, MoSe2, WSe2, BP, TiS3, multi-

layer graphene, and MoTe2 [29,31-34]. A comparison of the

temperature coefficient values corresponding to various 2D ma-

terials are shown in Table 2. The value of Δω for both Eg and

A1g modes was found to be 6.11 cm−1 and 3.14 cm−1, respec-

tively.

Table 2: Temperature coefficient values for various 2D materials.

TMDCs Raman
modes

Temperature
coefficient (χ)

∆ω
(cm−1)

Ref.

MoSe2 A1g −0.0096 4.75 [29]
WSe2 A1g −0.0071 3.81 [29]
MoS2 Eg −0.0136 8 [29]

A1g −0.0113 6.11
WS2 Eg −0.0098 4.51 [29]

A1g −0.014 6.43
black
phosphorous

A1g −0.008 4.39 [31]
B2g −0.013 8.14
A2g −0.014 8.63

TiS3 A1g −0.022, −0.025,
−0.024, −0.017

– [32]

single-layer
graphene

G −0.0162 – [33]

bilayer
graphene

G −0.0154 –

MoTe2
(bilayer)

E’2g −0.0116 – [34]
B’2g −0.0181 –

PtSe2 Eg −0.014 6.11 this work
A1g −0.008 3.14

Humidity sensor and photodetector based on
few-layer PtSe2 nanosheets
Figure 7a shows the typical resistance of the sensor device vs

relative humidity plot. The resistance is significantly decreased

from 3.75 GΩ to 0.83 MΩ. The humidity sensing mechanism

for the PtSe2 sensor can be explained as follows. When the

PtSe2 nanosheet sensor device was exposed to water molecules/

vapors, a charge transfer between the water molecules and the

PtSe2 nanosheets occurs. This results in the decrease in resis-

tance of the PtSe2 nanosheet sensor device with an increase in

the relative humidity. The interactions among the water mole-

cules (electron donor) and the PtSe2 nanosheets results in an en-

hancement in the conductivity of the sensor device, similar to

that observed for other 2D materials such as SnSe2 [35], MoS2

[36], BP [26], and MoSe2 [37]. Figure 7b shows a typical cur-

rent–time (I–t) plot where cycles of 11.3% and 97.3% RH levels

were used to calculate the response and recovery time. The

response and recovery time for the PtSe2-based humidity sensor

device was found to be 118 s and 5 s, respectively. The advan-

tage of the PtSe2-based humidity sensor device is its rapid

recovery and its functionality at room temperature. Figure 7c

shows a typical I–V plot in dark conditions and under green

light illumination. Figure 7d shows the I–t plot for the photode-

tector based on PtSe2 nanosheets with a response time of ≈110 s

and a recovery time of ≈129 s.

Conclusion
In conclusion, we report on a wet chemistry method to grow

PtSe2 nanosheets. The SEM and TEM analysis confirm the for-
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Figure 7: PtSe2 nanosheet based humidity sensor: (a) Typical resistance versus relative humidity plot and (b) current–time (I–t) plot taken after
switching 11% RH and 97% RH. The photodetector application of PtSe2 nanosheets: (c) I–V in dark conditions and with green LED light and
(d) typical I–t cycle when the LED is on and off, showing a favourable response.

mation of PtSe2 nanosheets. Further, the XRD, Raman and

SAED pattern results were used to analyze the crystal structure

and to confirm the formation of the PtSe2 phase. Temperature-

dependent Raman spectroscopy investigations were carried out

on PtSe2 nanosheet films grown on Si substrates between

100–506 K. The temperature coefficient for the Eg and A1g

modes was found to be −0.014 and −0.008, respectively. A

room temperature humidity sensor based on the PtSe2 nano-

sheets demonstrated an excellent recovery time of ≈5 s, indicat-

ing the great potential of PtSe2-based sensors for future nano-

electronics and sensor devices.
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Abstract
A stable and highly sensitive graphene/hydrogel strain sensor is designed by introducing glycerol as a co-solvent in the formation of

a hydrogel substrate and then casting a graphene solution onto the hydrogel in a simple, two-step method. This hydrogel-based

strain sensor can effectively retain water in the polymer network due to the formation of strong hydrogen bonding between glycerol

and water. The addition of glycerol not only enhances the stability of the hydrogel over a wider temperature range, but also in-

creases the stretchability of the hydrogel from 800% to 2000%. The enhanced sensitivity can be attributed to the graphene film,

whereby the graphene flakes redistribute to optimize the contact area under different strains. The careful design enables this sensor

to be used in both stretching and bending modes. As a demonstration, the as-prepared strain sensor was applied to sense the move-

ment of finger knuckles. Given the outstanding performance of this wearable sensor, together with the proposed scalable fabrica-

tion method, this stable and sensitive hydrogel strain sensor is considered to have great potential in the field of wearable sensors.
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Introduction
Wearable, flexible sensors to monitor human body pressure,

temperature, strain, and chemicals hold great potential in the

field of bioelectronics, artificial intelligence, and soft robotics

[1,2]. Among these sensors, strain sensors can translate an

external applied tensile force into electrical signal, hence

attracting numerous research efforts for health monitoring,

biomechanics studies and artificial skin for soft robotics [3,4].

The current, state of the art strategy to fabricate flexible strain
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sensors involves the integration of a conductive film on an elas-

tomeric polymer and the embedding of conductive materials

into the polymer matrix [5,6]. However, the lack of seamless

conformation to curvatures in human skin has impeded further

integration as a wearable sensing component [7].

Hydrogels, with mechanical properties like biological tissues

and consisting of three-dimensional polymer networks that can

retain a large amount of water, can serve as ideal vehicles for

wearable devices [8,9]. Several hydrogel-based strain sensors

demonstrating high flexibility, self-healing properties and skin-

attachable wearability, have been fabricated in the reported lit-

erature [2,10,11]. However, their inability to retain water over a

long period largely prevents the hydrogel-based strain sensors

from being widely used in a realistic environment with extend-

ed usage. Lu et al. utilized a water and glycerol binary-solvent

system to produce a hydrogel with good thermal tolerance,

while maintaining all the properties over a wide temperature

range (−20 to 60 °C) [12]. To date, the use of a moisture-

retaining hydrogel to fabricate soft, flexible strain sensors is

rarely reported. Another issue to be solved is related to increas-

ing the sensitivity of the hydrogel strain sensor as the ionically

conductive hydrogel exhibits low resistance changes with

applied strain [13].

In this study, a flexible, stable, high-sensitivity, graphene-based,

water/glycerol (WG) binary-solvent hydrogel (graphene/WG-

hydrogel) strain sensor is designed via a two-step method.

Water and glycerol are used as solvents to synthesize the

hydrogel substrate with long-lasting moisture-retaining proper-

ties [12]. The continuous graphene film is cast onto the

hydrogel through drop casting and drying. Although the bare

hydrogel already shows resistance changes with respect to

strain, the graphene film was used to further increase the sensi-

tivity. The graphene/WG-hydrogel strain sensor can be used to

sense human finger movements. This stable, soft, high-sensi-

tivity hydrogel strain sensor shows great promise for the devel-

opment of applicable, wearable strain sensors.

Experimental
Chemicals: Acrylic acid (C3H4O2), ammonium persulfate

((NH4)2S2O8), α-ketoglutarate (C5H6O5), glycerol (C3H8O3),

acrylamide (C3H5NO) and methylene-bis-acrylamide

(C7H10N2O2) were purchased from Aladdin (Shanghai, China).

The 2 mg/mL aqueous graphene dispersion was purchased from

Tanfeng Graphene (Suzhou, China). Silver epoxy was pur-

chased from Ted Pella (Redding, USA).

Formulation of the hydrogel: Acrylic acid, acrylamide, am-

monium persulfate, methylene-bis-acrylamide and α-ketoglu-

tarate were mixed in a beaker containing glycerol/water

(1:3 v/v) binary solvent with concentrations of 40 mg/mL,

200 mg/mL, 25 mg/mL, 0.15 mg/mL, and 0.3 mg/mL, respec-

tively, to make the monomer solution. Then the solution was

mixed by magnetic stirring for 1 h. After the mixed solution

was poured into the mold and irradiated by the UV light for 1 h,

the hydrogel substrate was formed. The pure-water hydrogel

was formulated in the same way as the binary solvent hydrogel,

except that no glycerol was added.

Formulation of the graphene/hydrogel: The graphene film

was cast on the hydrogel film using a drop casting and drying

process. 5 mL of the 2 mg/mL graphene dispersion was drop

casted onto the hydrogel and put in the oven at 35 °C until the

graphene was fully dried.

Assembly of the strain sensor: The strain sensor was fabri-

cated by connecting the graphene/hydrogel to a copper foil

using the silver epoxy. The size of the graphene/hydrogel sensor

is 5 × 30 mm.

Characterization of the hydrogel and graphene/hydrogel:

The mechanical properties of the hydrogel were characterized in

an electronic universal testing machine (CMT6503, Sans, Shen-

zhen, China). A field-emission scanning electron microscope

(SEM, JSM-7000F, JEOL, Japan) was used for electron

microimaging. The resistance changes of the strain sensor under

stretching was monitored by a multimeter (Keithley 2400

Source Meter).

Results and Discussion
Figure 1a shows the two-step fabrication process of the

graphene/WG-hydrogel composite material. The hydrogel,

which is capable of withstanding relatively high temperature,

was synthesized by the copolymerization of acrylic acid (AA)

and acrylamide (AM) monomer in the water/glycerol solvent

system under irradiation with UV light. A common problem of

the reported hydrogels is the lack of long term stability, due to

the tendency of the material to lose water at high temperature

and freeze at low temperature [14]. Glycerol is a commonly

used, nontoxic antifreeze additive. Here, hydrogen bonding be-

tween glycerol and water competes with hydrogen bonding be-

tween the water molecules, and the formation of ice at low tem-

perature is restricted and the evaporation of water at high tem-

perature is prohibited [11].

The graphene layer was formed on the hydrogel by directly

drop casting the graphene solution onto the hydrogel and drying

in an oven at 35 °C. The drying process removes the extra water

in the graphene dispersion without removing the water inside

the hydrogel, thus maintaining the mechanical properties of the

material. The graphene layer serves to significantly increase the
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Figure 1: (a) Schematic of the preparation of the graphene/water-glycerol (WG) hydrogel composite material. (b) The double-layer composition of the
graphene/WG-hydrogel composite material. (c) Photograph of the as-prepared flexible graphene/WG-hydrogel.

resistance change of the hydrogel under strain because of the

spacing variations among graphene flakes. The schematic struc-

ture and a photograph of the composite electrode is shown in

Figure 1b and Figure 1c, respectively.

Besides serving to retain water in the hydrogel, the presence of

glycerol also improves the mechanical performance of the

hydrogel, as shown in Figure 2a and 2b. Figure 2a shows the

uniaxial tensile strain–stress curves of the hydrogels fabricated

with (WG-hydrogel) and without glycerol (W-hydrogel). Under

the same strain, the WG-hydrogel shows less stress in the two

strain–stress curves, indicating that including the glycerol

provides the hydrogel with higher softness, thus making it more

adaptable to external force. The complete yield strain–stress

curves of the two hydrogels is shown in Supporting Informa-

tion File 1, Figure S1, in which the fracture strain of the

W-hydrogel is around 800% with a stress of 0.03 MPa, while

the introduction of glycerol increases the break stress to

0.06 MPa at a strain of 2000%. The difference between the two

hydrogels in the compressing strain–stress curve is not much as

that in tensile mode, as shown in Figure 2b. An image of the

synthesized graphene–hydrogel electrode is shown in Figure 2c.

A uniform film is formed on the surface of the hydrogel after

the drying process in the oven, which serves to increase the

conductivity of the hydrogel. More details of the as-prepared

graphene can be seen in the SEM image shown in Figure 2d.

The graphene layer shows a randomly interconnected structure

which allows the graphene flakes to slide when the layer is

stretched, which will enhance the resistance change of the

hydrogel under strain. The SEM image of the cross section of

the graphene/hydrogel composite is shown in Supporting Infor-

mation File 1, Figure S2. A great contact between the graphene

layer and the hydrogel layer can be seen after the drying of the

graphene solution.

The sensing performance of the graphene/WG-hydrogel com-

posite material is shown in Figure 3a. The sensitivity of the

graphene/WG-hydrogel composite sensor, represented by the

gauge factor (the ratio of the relative electrical resistance

change ΔR/R to the strain), is much higher than that of the

WG-hydrogel sensor. At 25% stretching, the gauge factor of the

graphene/WG-hydrogel is about 2.4, while that of the hydrogel

is only about 0.59. This superior piezoresistive performance

comes from two aspects: the intrinsic piezoresistive behavior of

the WG-hydrogel and the electron conduction change of the

graphene film under different contact conditions [15] (spacing

variations and contact area under stretching). The ionic conduc-

tivity is responsible for the electrical conductivity of the bare

WG-hydrogel. The hysteresis curve for graphene/WG-hydrogel

strain sensor is illustrated in Supporting Information File 1,

Figure S3. The stretching and releasing curve is almost symmet-

ric, indicating that hysteresis is not obvious. Supporting Infor-

mation File 1, Figure S4 shows optical images of the graphene/

hydrogel composite before and after 10 times 25% stretching. It
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Figure 2: (a) The uniaxial tensile and (b) compressive strain–stress curves of the W-hydrogel and WG-hydrogel, respectively (n = 3). (c) The top view
of the graphene/WG-hydrogel composite material. (d) An SEM image of the graphene film. Scale bar: 10 µm.

Figure 3: (a) The strain–resistance change curves of the WG-hydrogel and graphene/WG-hydrogel based strain sensors. (b) Resistance change of
the graphene–hydrogel strain sensor versus chord length. Photographs showing the real life application of the strain sensor to sense the movement of
the proximal interphalangeal joint (c) and the metacarpophalangeal joint (d).

is clear that the bonding between the graphene layer and

hydrogel layer is very firm, even after the stretching, suggesting

the capability of the composite to endure cyclic stretching.

The graphene/WG-hydrogel strain sensor was also used to sense

flexion, another type of human movement, as shown in

Figure 3b. The outer curvature of the sensor experiences tensile

strain and the inner curvature undergoes a compressive force

when the graphene/hydrogel sensor is flexed, as shown in the

inset of Figure 3b. The graphene film was set on the outer

curvature, so that the graphene flakes are separated under the

flexion. When the distance between two ends of the sensor was
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decreased from 22 mm to 6 mm, the resistance increased by

14.6%. To show the real workability of the graphene/WG-

hydrogel strain sensor, the sensor was mounted on a nitrile

glove worn on a human hand to sense the movement of finger

knuckles. As shown in Figure 3c, two as-fabricated sensors

were put on the proximal interphalangeal (PIP) joint and

metacarpophalangeal (MCP) joint, respectively. Before, during

and after bending, the graphene/WG-hydrogel sensors showed

the expected changes, indicating the potential of our strain

sensor to be used in a real working scenario.

Conclusion
We have demonstrated a wearable, stable, and highly sensitive

strain sensor, based on a binary solvent, graphene/WG-hydrogel

composite material, synthesized using a two-step process. The

long-term water-retention properties of the graphene/WG-

hydrogel strain sensor can be attributed to the use of glycerol as

a co-solvent. The hydrogel bonding between glycerol and water

prevents water from being released from the polymer network,

hence guaranteeing the long-term stability of the sensor. In ad-

dition, a graphene film is cast onto the WG-hydrogel to en-

hance the sensitivity of the hydrogel strain sensor. The strain

sensor is demonstrated to operate in both stretching and flex-

uous modes, together with the ability to sense the movement of

finger knuckles, suggesting the great potential of this soft and

stable hydrogel-based strain sensor. In addition, the long-term

moisture-retaining property of the WG-hydrogel provides an

ideal substrate to cast other kinds of two-dimensional material

films, such as MoS2, through a simple drop casting and drying

method [16-18].

Supporting Information
Yield strain stress curve of the hydrogels; Cross-section

SEM image of the graphene/hydrogel composite;

Hysteresis curve for the graphene/WG-hydrogel strain

sensor; Optical cross-section images of the

graphene/WG-hydrogel composite before and after

stretching.

Supporting Information File 1
Additional figures.
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Abstract
In this work, a unique three-dimensional (3D) structured carbon-based composite was synthesized. In the composite, multiwalled

carbon nanotubes (MWCNT) form a lattice matrix in which porous spherical reduced graphene oxide (RGO) completes the 3D

structure. When used in Li–S batteries, the 3D porous lattice matrix not only accommodates a high content of sulfur, but also in-

duces a confinement effect towards polysulfide, and thereby reduces the “shuttle effect”. The as-prepared S-3D-RGO@MWCNT

composite delivers an initial specific capacity of 1102 mAh·g−1. After 200 charging/discharge cycles, a capacity of 805 mAh·g−1

and a coulombic efficiency of 98% were maintained, implying the shuttle effect was greatly suppressed by the composite matrix. In

addition, the S-3D-RGO@MWCNT composite also exhibits an excellent rate capability.
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Introduction
Li–S batteries are notable for their high theoretical specific

capacity (1675 mAh·g−1) and energy density (2600 Wh·kg−1).

Sulfur is an abundant element, enabling Li–S batteries to be

highly competitive among the various battery technologies. The

actual application of Li–S batteries, however, is hindered by

several challenges, i.e., i) the poor conductivity of sulfur and

ii) the “shuttle effect” of polysulfides (Li2Sx, 4 < x ≤ 8) [1-4].

To achieve a high specific capacity, a sulfur cathode with high

electrical conductivity and high sulfur loading is necessary. The

shuttle effect will result in rapid fading of the capacity and

coulombic efficiency during the cycling process. Therefore, the

development of a sulfur cathode that can “withhold” sulfur and

reduce the shuttle effect, together with a high conductivity and

sulfur loading is essential for the practical implementation of

Li–S batteries [5-7].

To overcome the above-mentioned challenges in Li–S batteries,

many strategies have been proposed [8-12]. For example, metal

https://www.beilstein-journals.org/bjnano/about/openAccess.htm
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oxides, such as TiO2, ZnO, MnO2, and SiO2, were reported to

provide active sites for strong S–metal bonding that have been

reported to suppress the shuttle effect in polysulfides [13-16].

Moreover, designing metal oxides into various unique morphol-

ogies, e.g., hollow structures, can also provide a physical (or

structural) confinement for sulfur [17]. Metal-oxide materials,

however, have a major drawback, i.e., their electronic conduc-

tivity is very low [16,18]. To improve the conductivity of the

sulfur cathode, it was typically composited with carbon materi-

als [19-23]. Moreover, the high surface area of the carbon sub-

strate was beneficial for a higher sulfur loading [24,25]. Since

sulfur is the major active ingredient in the Li–S cathode, adding

more non-sulfur components, such as metal oxides, in the

cathode will result in a lower specific capacity.

Therefore, the present study will focus on the development of a

pure carbon material for the Li–S cathode. It was believed that a

carbon-based material network with specific morphology will

not only allow for a high sulfur loading but will also provide

both the chemical and physical restraints on the polysulfide

shuttle effect. In the previous report, we synthesized porous 3D

reduced graphene oxide (3D-RGO), showing a reversible

capacity of 790 mAh·g−1 (at 0.2C) after 200 cycles [26]. It has

been reported that three-dimensional carbon nanotubes/

graphene–sulfur (3DCGS) is an excellent cathode template,

revealing a final capacity of 975 mAh·g−1 after 200 cycles [24].

Carbon nanotubes (CNTs) can be used to adjust structure and

density of the pores of the composite while improving the elec-

trical conductivity. Following such a strategy, we developed a

unique three-dimensional structured carbon-based composite

material, referred to as 3D-RGO@MWCNT. Multiwalled car-

bon nanotubes (MWCNTs) form a lattice network for the com-

posite that is supported by porous spherical reduced graphene

oxide (RGO). Furthermore, the functional groups on RGO

provide bonding sites for the active sulfur material. The 3D

porous carbon structure enabled high sulfur loading and

confined the sulfur within the 3D MWCNT network and the

porous spherical RGO. Moreover, such a 3D structure can

buffer the volume expansion/shrinkage of the sulfur cathode

during charge and discharge cycles. Lastly, the electrochemical

performance of the resulting S-3D-RGO@MWCNT cathode

was evaluated in Li–S batteries.

Results and Discussion
The synthesis of the 3D-RGO@MWCNT composite is illus-

trated in Figure 1, highlighting the 3D porous RGO structure

and the MWCNT lattice matrix. The SEM images confirmed

that the precursor composite, RGO@MWCNT@SiO2,

contained 200–300 nm SiO2 particles that were successfully

encased by RGO and MWCNTs (Figure 2a). After HF etching,

a 3D-RGO@MWCNT was obtained (Figure 2b,c). The porous

spherical indents (ca. 200 nm) remained after the removal of

SiO2 (Figure 3a). Furthermore, after sulfur loading, both SEM

(Figure 2d) and TEM (Figure 3b) images revealed that the

structure remained in the resulting S-3D-RGO@MWCNT com-

posite. The EDS elemental mapping validated the successful

and uniform loading of sulfur into the composite (Figure 2e and

Figure 3d). The 3D structure provided: i) higher usable surface

area for a higher sulfur loading, ii) empty spaces between the

pores and the lattice matrix to reduce the shuttle effect by acting

as a lithium polysulfide reservoir, and iii) additional empty

spaces to buffer the volume expansion/shrinkage in the charge

and discharge processes enhancing the cycling performance of

the battery. The electrochemical performance of the S-3D-

RGO@MWCNT composite will be discussed later in the elec-

trochemical analysis.

Figure 1: Synthesis of S-3D-RGO@MWCNT.

Figure  4a  presents  the  XRD pat terns  for  pure  S ,

3D-RGO@MWCNT and the S-3D-RGO@MWCNT composite.

The XRD pattern of 3D-RGO@MWCNT exhibits two broad

characteristic peaks of RGO at around 22° and 43°. Moreover, a

diffraction peak around 26° for 3D-RGO@MWCNT corre-

sponds to the MWCNTs. In the XRD pattern of S-3D-

RGO@MWCNT, the major characteristic peaks of crystalline

sulfur are observed, which further confirm the preservation of

crystalline sulfur in the composite after adding sulfur. The

Raman spectra demonstrates that the ratio ID/IG decreased from

1.12 in 3D-RGO@MWCNT to 1.04 in S-3D-RGO@MWCNT

(Figure 4b), implying that the defects in 3D-RGO@MWCNT

were filled or occupied by sulfur [3]. This is also supported by

the C 1s XPS pattern of 3D-RGO@MWCNT, in which a C–S

bonding state (285.4 eV) is observed (Figure 4d). The O–C=O

(288.8 eV), C=O (287.2 eV) and C–O (286.3 eV) peaks in the

C 1s pattern confirm the oxide nature of RGO sheets. In addi-
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Figure 2: SEM images of (a) RGO@MWCNT@SiO2, (b, c) 3D-RGO@MWCNT at different magnifications and (d) S-3D-RGO@MWCNT, and corre-
sponding elemental maps of (e) sulfur and (f) carbon.

Figure 3: TEM images of (a) 3D-RGO@MWCNT with two different magnifications, (b) S-3D-RGO@MWCNT, (c–e) TEM mapping of (d) sulfur and
(e) carbon corresponding to the area outlined by the red square in the TEM image of (c).
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Figure 4: (a) XRD patterns of sulfur, 3D-RGO@MWCNT and S-3D-RGO@MWCNT; (b) Raman spectra of 3D-RGO@MWCNT and S-3D-
RGO@MWCNT; (c) TGA of S-3D-RGO@MWCNT; (d) The XPS survey spectrum of S-3D-RGO@MWCNT composite; high-resolution XPS spectra of
(e) C 1s, (f) S 2p.

tion to the C–S bonding, O-containing groups also help retain

sulfur via S–O bonding, as revealed by the peak located at

164.7 eV in the S 2p spectrum (Figure 4e). The strong chemical

bonding of C–S and S–O can immobilize sulfur and polysul-

fides within S-3D-RGO@MWCNT, reducing the shuttle effect

and improving the cycling life of Li–S batteries. The thermo-

gravimetric analysis (TGA) analysis (Figure 4f) shows that the

S-3D-RGO@MWCNT composite exhibits a very high weight

loss (62 wt %) between 30 and 300 °C, confirming that a great

amount of sulfur can be stored in the structure.

Figure 5 displays the first four CV cycles of S-3D-

RGO@MWCNT cathode at 0.1 mV·s−1. During the cathodic

cycle, the peaks around 2.30 and 2.05 V correspond to the trans-

formation of elemental sulfur to long-chain polysulfides (Li2Sn,

n ≥ 4) and the reduction to short-chain polysulfides (n < 4), re-

spectively. On the anodic side, the peak located at around

2.40 V corresponds to the oxidation of lithium polysulfides

(Li2Sn, n < 4) and Li2S to Li2S8. It can be seen that during the

cycling, the anodic peak shifts to a lower voltage, whereas the

cathodic peaks remain almost unchanged. These results suggest

the superior discharge stability of the S-3D-RGO@MWCNT

cathode.

Figure 6a shows the charge and discharge voltage profiles of the

S-3D-RGO@MWCNT cathode measured at 1C. The plateaus

on the discharge (2.30 and 2.05 V) and charge (2.40 V) profiles

are consistent with those observed in the CV cycles. The

voltage plateaus were preserved after 200 cycles, confirming

Figure 5: CV curves of the S-3D-RGO@MWCNT cathode at
0.1 mV·s−1 in the first four cycles.

the excellent electrochemical stability of sulfur in the 3D struc-

ture of S-3D-RGO@MWCNT. The S-3D-RGO@MWCNT

cathode exhibits an initial specific discharge capacity of

1102 mAh·g−1  and a retained reversible capacity of

805 mAh·g−1 after 200 cycles. This result concurs with that ob-

served in the cycling performance of the S-3D-RGO@MWCNT

cathode (Figure 6b). The discharge/charge coulombic effi-

ciency was maintained at approximately 98% after 200 cycles.

The cycling performance of S-3D-RGO@MWCNT indicates
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Figure 6: (a) CV measurement of the S-3D-RGO@MWCNT cathode
(1st, 50th, 100th, 150th and 200th cycle) at 1C; (b) cycling perfor-
mance of the S-3D-RGO@MWCNT cathode at 1C for 200 cycles.

the efficient confinement of sulfur preventing the loss of active

material through the shuttle effect.

Figure 7a reveals the charge–discharge voltage profiles of the

batteries measured at various rates across the voltage range of

1.5 to 3.0 V. A two-plateau behaviour of the discharge profiles

was observed at all current densities, which is consistent with

the CV curves peaks (Figure 5). As the current increases from

0.1C to 2C, the polarization of the plateaus becomes higher,

implying a slow decrease in the kinetic efficiency of the reac-

tion process. This may have resulted from a weak influence of

the current density on lower discharge plateau [27]. The rate

capability of the S-3D-RGO@MWCNT cathode is examined in

greater detail in Figure 7b. The impressive rate capability of the

S-3D-RGO@MWCNT cathode was verified. Although a de-

crease of discharge capacity was observed when the current rate

increases, a capacity of 770 mAh·g−1 was still obtained at 2C.

When the current returned back to 0.1C, a capacity of

889 mAh·g−1 was preserved. These observations reveal that the

3D structure upheld the excellent rate performance of the S-3D-

RGO@MWCNT cathode.

Figure 7: (a, b) Specific capacity and rate performance of S-3D-
RGO@MWCNT cathode at different C-rate, ranging from 0.1C to 2C.

Figure 8: Nyquist plots of S-3D-RGO@MWCNT cathode and the
equivalent circuit model (inset).

The changes in the conductivity during cycling a Li–S battery

equipped with the S-3D-RGO@MWCNT cathode, were investi-

gated using electrochemical impedance spectroscopy (EIS).

Figure 8 presents the Nyquist plots for the Li–S cell assessed

before cycling, and after the 1st and the 4th cycle. In the high-
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frequency region the x-intercept is attributed to the contact

resistance (R0), and the semicircle is attributed to the charge-

transfer resistance (Rct) at the electrode/electrolyte interface.

Finally, the inclined slope in the low-frequency region is associ-

ated with the Warburg impedance (W) [28], which correlates to

the Li+ transportation process. Notably, there is a significant

shift in the impedance curves before and after cycling. The pri-

mary reason for the decrease in the contact resistance after the

initial cycle may be the redispersion of sulfur. The significant

shift in the Warburg element indicates an improved Li+ diffu-

sivity [29]. Rct increases slightly, then stabilizes after the initial

cycle, which agrees with the cyclability data. The fitted values

of R0 and Rct for the S-3D-RGO@MWCNT cathode are tabu-

lated in Table 1. The impedance curves of the 1st and the

4th cycle are similar and become very stable, indicating

the enhanced electrochemical performance of the S-3D-

RGO@MWCNT cathode, which can be attributed to its 3D

porous lattice matrix structure and the facilitation of rapid Li+

diffusion.

Table 1: Impedance parameters of the S-3D-RGO@MWCNT cathode.

cycle number R0 (Ω) Rct (Ω)

before cycling 18.08 22.11
1st cycle 6.32 26.4
4th cycle 7.62 26.49

Conclusion
In summary, a unique S-3D-RGO@MWCNT composite,

consisting of porous spherical RGO integrated within a

MWCNT lattice matrix, was successfully synthesized. The

as-prepared S-3D-RGO@MWCNT cathode exhibited a very

good electrochemical performance and cycle stability. This can

be attributed to i) the conductive network inherently found in

the RGO sheets and MWCNTs, which ensured efficient charge

transfer within the cathode, ii) the 3D porous spherical RGO

possessing a high surface area and pore volume to accommo-

date a high sulfur content; and iii) the interconnected pores in

the spherical RGO and the lattice matrix formed by MWCNTs,

which act as polysulfide reservoirs to alleviate the shuttle effect,

and thereby improving the cycling stability of the battery.

Lastly, the interconnected pores ensured the rapid Li+ diffusion

during the discharge/charge process, and therefore were benefi-

cial for reducing the internal resistance and improving the elec-

trochemical properties.

Experimental
Synthesis of 3D-RGO@MWCNT composite
The synthesis of 3D-RGO@MWCNT composite consists of the

following steps: i) the preparation of monodispersed SiO2

spherical particles using Stober’s method [30]; ii) the prepara-

tion of graphene oxide (GO) using Hummers method [31];

iii) the incorporation of MWCNTs; iv) the reduction of GO, and

v) SiO2 etching by HF. Firstly, monodispersed SiO2 spheres

with diameters of 200–300 nm were prepared. After washing

and drying, the SiO2 sphere particles was subsequently

dispersed in DI water at a concentration of 50 mg·mL−1

(suspension A). Secondly, the GO from Hummer’s method was

dispersed into DI water at a concentration of 2 mg·mL−1, and

subsequently mixed with a 2 mg·mL−1 MWCNT suspension at

a mass ratio of 1:1. The as-prepared GO@MWCNT suspension

was afterwards mixed with suspension A and volumetric ratio

of 3:1 resulting in GO@MWCNT@SiO2 (suspension B). After

sonicated for 30 min, sodium erythorbate was added to suspen-

sion B and heated in an oil bath for 2 h. The sodium erythor-

bate was removed by washing with DI water, while SiO2 was

etched away by subsequent soaking in 10% HF for a

week. Lastly, HF was also rinsed out with DI water and

ethanol. After drying the compound at 60 °C for 12 h, the

3D-RGO@MWCNT composite was obtained.

Synthesis of S-3D-RGO@MWCNT
composite and S-cathode
The as-prepared 3D-RGO@MWCNT was mixed with nano-

sulfur at a mass ratio of 1:2. The resulting sample was heated at

155 °C for 12 h in a nitrogen-filled autoclave producing the

S-3D-RGO@MWCNT composite. The cathode was fabricated

by coating a slurry of S-3D-RGO@MWCNT, polyvinylidene

fluoride (PVDF) and carbon black (mass ratio 8:1:1) on a car-

bon-coated Al foil.

Materials characterization
X-ray diffraction (XRD) patterns of the as-prepared

3D-RGO@MWCNT composite were obtained using XRD

(SmartLab, Rigaku Corporation) with Cu Ka radiation. X-ray

photoelectron spectroscopy (XPS, Shimadzy Axis Ultra) was

applied to investigate the chemical valence states and composi-

tions of the sample. Scanning electron microscopy (SEM,

Hitachi S4800) and high-resolution transmission electron

microscopy (HRTEM, JEOL JEM-2100F) images were used for

investigating surface topology. The content of sulfur in the

S-3D-RGO@MWCNT composite was confirmed using thermo-

gravimetric analysis (TGA, SHIMADZU DTG-60) in Ar atmo-

sphere. Raman spectra were recorded on Raman spectrometer

(Raman, Renishaw) using 532 nm radiation.

Electrochemical measurements
CR2025 coin batteries were assembled using S-3D-

RGO@MWCNT as the cathode, 1 M lithium bistrifluo-

romethanesulfonimide and 0.1 M LiNO3 in a mixed solution of

DME-DOL (1:1 by volume) as electrolyte, a Li foil as anode,
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and a Celgard 2300 membrane as separator. The cycling

performances of the Li–S battery was investigated using a

battery testing station (Neware, Shenzhen) in potential range of

1.5–3.0 V. The electrochemical workstation (Princeton, Versa-

STAT 4) was used to evaluate cyclic voltammetry (CV) also in

a potential range of 1.5–3.0 V. Electrochemical impedance

spectroscopy (EIS) was carried out in the frequency range from

10−2 to 105 Hz.

Supporting Information
Supporting Information File 1
Additional experimental data.

[https://www.beilstein-journals.org/bjnano/content/
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Abstract
We demonstrate an ultrasonication-assisted synthesis without polar solvent of CsPbBr3 and Cs4PbBr6 perovskite nanocrystals

(PNCs) and their reversible transformation. The as-prepared CsPbBr3 PNCs and Cs4PbBr6 PNCs exhibit different optical proper-

ties that depend on their morphology, size, and structure. The photoluminescence (PL) emission and quantum yield (QY) of the

CsPbBr3 PNCs can be tuned by changing the ultrasound power, radiation time, and the height of the vibrating spear. The optimized

CsPbBr3 PNCs show a good stability and high PL QY of up to 85%. In addition, the phase transformation between CsPbBr3 PNCs

and Cs4PbBr6 PNCs can be obtained through varying the amount of oleylamine (OAm) and water. The mechanism of this transfor-

mation between the CsPbBr3 PNCs and Cs4PbBr6 PNCs and their morphology change are studied, involving ions equilibrium,

anisotropic growth kinetics, and CsBr-stripping process.

666

Introduction
Metal halide perovskite nanocrystals (PNCs) are promising

candidates for application in the fields of light-emitting diodes

(LEDs) [1,2], high-efficiency solar cells [3], low-threshold

lasers [4], and photodetectors [5]. Compared to traditional semi-

conductors, colloidal PNCs demonstrate excellent properites,

such as tunable photoluminescence (PL) throughout the visible

spectrum, super high PL quantum yield (QY), low trap-state

density, and narrow emission linewidth [6-8]. The crystal struc-

ture of CsPbX3 (X = Cl−, Br−, I−) PNCs consists of a 12-fold

coordinated network created by [PbX6]4− octahedra in which

the Cs+ ions reside in the periphery of this network [9,10].

These PNCs are prone to structural instabilities and phase trans-
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formations involving ion migration and interface hydration [11].

However, this phase and structure versatility has become the

great advantage of PNCs in their technical applications, espe-

cially in optoelectronics. Although the focus has been on the

CsPbX3 structure, researchers start to turn their attention on

synthesizing new perovskite materials, such as Cs4PbX6 PNCs.

Under Cs-rich or Pb-poor synthesis conditions, zero-dimen-

sional (0D) structures of Cs4PbX6 NCs can be achieved,

demonstrating a crystalline structure with well-separated octa-

hedra [PbBr6]4− isolated by Cs+ ions [12,13]. This specific

structure is expected to result in strong quantum confinement

and electron–phonon interactions. This inspires researchers to

further explore this structure. The key to this exploration is the

development of various approaches to the synthesis of high-

quality PNCs.

Since, in 2015, Kovalenko and co-workers synthesized CsPbX3

PNCs by using a hot-injection method, great successes in the

controlled synthesis and application of the CsPbX3 PNCs have

been achieved in a very short time [14]. To date, the most com-

monly adopted approach for synthesizing highly efficient PNCs

are solution-based procedures, including hot injection, solvo-

thermal synthesis, microreactor synthesis, and room-tempera-

ture (RT) ligand-mediated reprecipitation, in which shape and

size are tuned through the control of temperature, reaction time,

and composition of the precursors [15-17]. Chen et al. demon-

strated a facile solvothermal method for preparing CsPbX3

PNCs with adjustable optical properties [18]. Additionally, Li's

group reported a poly(lactic acid)-assisted anion-exchange

method using a microreactor for tuning the emission spectra of

CsPbX3 PNCs from green to near-ultraviolet, which might be

applicable for mass production [19]. Besides, great efforts have

been made to prepare PNCs through the chemical transformat-

ion of pre-synthesized PNCs [20-22]. For example, Wu et al. re-

ported a CsX-stripping method that enabled the transformation

of nonluminescent Cs4PbX6 PNCs to highly luminescent

CsPbX3 PNCs through an interfacial reaction [20]. They focus

on investigating the water-triggered transformation process be-

tween Cs4PbX6 PNCs and CsPbX3 PNCs in a different phase.

Similar methods were applied to explore new perovskite materi-

als such as Cs4PbBr6. Zhai et al. showed a simple solvothermal

approach for synthesizing CsPbBr3 nanoplatelets and their

phase transformation to Cs4PbBr6 PNCs [23]. Liu and

co-workers also demonstrated that CsPbBr3 PNCs were suc-

cessfully converted to Cs4PbBr6 PNCs through a “ligand-medi-

ated transformation” method with the addition of oleylamine

(OAm) [24]. Udayabhaskararao’s group showed the reversible

transformation from CsPbX3 to Cs4PbX6 through the ratio of

oleic acid (OA) to OAm in a Brønsted acid–base equilibrium

[25]. Despite the progress made in obtaining PNCs, in general,

inert conditions, high temperature and pre-synthesized precur-

sors are required for hot injection. In addition, RT methods

were mostly carried out by mixing a polar solvent with a large

amount of nonpolar solvent. Since PNCs are reported to be very

sensitive to polar solvents, these methods result in the inevitable

degradation of PNCs, especially for iodine-based PNCs [26-28].

Therefore, in order to obtain PNCs with high PL QY and

stability, it is crucial to develop synthesis methods free of polar-

solvents.

To date, some attempts have been made to synthesize PNCs

without the use of polar solvents. Tong’s group demonstrated

the single-step and polar-solvent-free synthesis of CsPbX3

PNCs with tunable halide ion composition and thickness

through the direct ultrasonication of precursors [29]. Whereas

this method has been reported for synthesizing PNCs without

using polar solvents, it does not allow for a control over dimen-

sionality and phase transformation. We recently reported a fast,

low-cost, environmentally friendly, and polar-solvent-free

strategy for synthesizing all-inorganic CsPbBr3 NCs with

tunable shape and size [30]. During this process, we found that

a great excess of OAm results in the formation of a derivative of

CsPbBr3 NCs, i.e., Cs4PbBr6. However, the underlying trans-

formation mechanism has not been fully understood. Following

this, we set out here to expand this study to control the phase

transformation. CsPbBr3 PNCs as precursor were obtained by

modifying the approach initially presented by Tong, which was

recently elaborated by our group [29,30]. We demonstrated in

detail how, by tuning the ultrasound power and time, the PL

emission of CsPbBr3 PNCs can be precisely controlled. Benefit-

ting from this knowledge, here we attained CsPbBr3 PNCs with

a high PL QY (ca. 85%) by optimizing the immersion height of

the vibrating spear in the liquid. In addition, the phase transfor-

mation of CsPbBr3 PNCs to Cs4PbBr6 PNCs was achieved in

this study by direct ultrasonication of solid powders or by

adding OAm in the solution of pre-synthesized CsPbBr3 PNCs.

Finally, inspired by the method proposed by Wu et al. [20], a

successful structure conversion from Cs4PbBr6 PNCs to

CsPbBr3 PNCs was obtained here by simply adding different

amounts of water into pre-synthesized Cs4PbBr6 PNCs. The

mechanism behind phase transformation and morphology

change were investigated by using a combination of spectrosco-

py and microscopy techniques.

Results and Discussion
Characterization of CsPbBr3 PNCs
The typical procedure for synthesizing CsPbBr3 and Cs4PbBr6

PNCs and for reversibly transforming them is illustrated in

Scheme 1. Cs2CO3 and PbBr2 were loaded into the liquid

paraffin/OAm/OA solution. Then, the precursors were

processed by tip-sonication and purified via centrifuging in the

presence of methyl acetate as precipitation agent. Subsequently,
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Scheme 1: Illustration of synthesizing CsPbBr3 and Cs4PbBr6 PNCs without polar solvent using ultrasonication assistance, and their reversible trans-
formation by adding OAm and water.

Figure 1: Characterization of the CsPbBr3 PNCs prepared using ultrasonication assistance. (a) XRD patterns. Black line and blue line represent ex-
perimental data and standard reference, respectively. (b) TEM image. (c) HRTEM image. (d) Size distribution. (e) UV–vis absorption spectrum (red
line) and PL emission spectrum (blue line). Inset is a photograph under 365 nm UV irradiation.

the sediment was redispersed in toluene for further characteriza-

tion. The reversible transformation between Cs4PbBr6 PNCs

and CsPbBr3 PNCs was achieved by changing the amounts of

OAm and water. Detailed synthesis conditions are given in the

Experimental section.

The crystal structure and morphology of the as-prepared sam-

ples were determined by XRD and TEM. As shown in

Figure 1a, the diffraction pattern clearly indicates that

orthorhombic CsPbBr3 PNCs (PDF card #18-0364) were

formed. No other phases were observed, suggesting the high
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Figure 2: (a) UV–vis absorption spectra and PL emission spectra, and (b) normalized PL emission spectra of the CsPbBr3 PNCs that were synthe-
sized at 90, 120, 150, 180, and 210 W of ultrasound power, respectively. (c) UV–vis absorption spectra and PL spectra, and (d) normalized PL emis-
sion spectra of CsPbBr3 PNCs that were synthesized at 10, 20, 30, 40, 50, and 60 min of radiation time.

purity of the samples. The TEM image shown in Figure 1b

demonstrates that the CsPbBr3 PNCs have a regular square

morphology. HRTEM was further carried out to measure the

lattice spacing of the product. Figure 1c shows a lattice spacing

distance of ca. 0.41 nm for the CsPbBr3 PNCs. The size distri-

bution shown in Figure 1d indicates that the well-dispersed

CsPbBr3 PNCs have an average diameter of ca. 11.7 nm. To

explore the optical properties of colloidal CsPbBr3 PNCs,

UV–vis absorption spectra and PL emission spectra were re-

corded. As shown in Figure 1e, the first excitonic absorption

peak was located at 510 nm and the strong PL emission band

centered at 516 nm was observed with a narrow full width at

half maximum (FWHM) of 18 nm, indicating a narrow polydis-

persity of the PNCs obtained by this method. The PL QY of the

as-prepared CsPbBr3 PNCs measured to be ca. 85% (Rhodamin

101 as reference, PL QY is 100%) following a previously

published report [31]. In addition, Supporting Information

File 1, Figure S1 clearly demonstrates the improved photosta-

bility and chemical stability of CsPbBr3 PNCs.

Effect of synthesis conditions
Our previous study has shown that ultrasound power and radia-

tion time have a great influence on the optical properties of the

CsPbBr3 PNCs [30]. In this study, we found that the immersion

height of the vibrating spear in the solvent influences the prod-

uct properties (the effect will be discussed later). We divided

the height of liquid into five equal parts, i.e., from the bottom to

the surface of the liquid, 1/5, 2/5, 3/5, 4/5, and 5/5.

We first investigated the effect of ultrasound power on the

optical properties of CsPbBr3 PNCs. To avoid breaking the

bottle, the immersion height of the vibrating spear and radia-

tion time are 4/5 and 30 min, respectively. Figure 2a shows the

change of UV–vis absorption spectra and PL spectra of the

CsPbBr3 PNCs that were synthesized at 90, 120, 150, 180, and

210 W of ultrasound power, while keeping other synthesis

conditions unchanged. If the ultrasound power is less than

90 W, there is no UV–vis absorption peak and a very weak PL

intensity, implying that almost no PNCs formed. However, the

first characteristic absorption peak changes to red slowly with

an increase of ultrasound power, corresponding to the red-shift

of the PL emission peak, which is similar to the findings we

recently reported [30]. While higher ultrasound power supports

faster dissolution, it has also a strong impact on the homo-

geneity of the PNCs. For example, when the ultrasound power

is 210 W, the UV–vis absorption at long wavelengths is very

high, indicating large crystals were formed with strong scat-

tering. Therefore, it is necessary to choose the appropriate ultra-
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Figure 3: (a) PL emission spectra and (b) PL QY of the CsPbBr3 PNCs that were synthesized at 1/5, 2/5, 3/5, and 4/5 of total liquid height, respec-
tively. 1/5, 2/5, 3/5, 4/5, and 5/5 in (a) inset is one of the five equal parts from liquid bottom to liquid surface. R-101 in (b) is rhodamine 101 (PL QY,
100%) as the standard sample to test PL QY of PNCs.

sound power. The normalized PL emission peaks in Figure 2b

shift from 505 to 523 nm, indicating that our approach can

precisely modulate PL emission.

Furthermore, we studied the influence of radiation time on the

CsPbBr3 PNCs. The immersion height of the vibrating spear

and ultrasound power are 4/5 and 120 W, respectively. As

shown in Figure 2c and Figure 2d, when the radiation time is in-

creased, both the UV–vis absorption and PL spectra are red-

shifted, we suggest that it is the size effect that is dominant over

ionic bond strength in causing the spectral shift, which is differ-

ent from the effects of radiation time that we observed recently

[30]. This phenomenon indicates that the immersion height of

the vibrating spear would affect PNCs properties.

The effects of the immersion height of the vibrating spear in the

liquid were also investigated. The total liquid height was

divided into five equal parts as shown in the inset of Figure 3a.

Figure 3a shows the PL intensity (UV–vis absorbance at

400 nm) of four samples that were synthesized by setting the

immersion height of the vibrating spear to 1/5, 2/5, 3/5, and 4/5

of the total liquid height. As the immersion height increases, the

corresponding PL intensity obviously decreases. In addition, the

PL QY in Figure 3b further confirmed that the CsPbBr3 PNCs

exhibit the best performance when the immersion height of the

vibrating spear is set at 1/5 of the total liquid height. Ultrasoni-

cation results in a combination of thermal, vibrational, and

acoustic cavitation, i.e., the formation, growth, and implosive

collapse of bubbles in liquids [32-34]. In the center of these

bubbles, extremely high temperatures of about 5000 K and high

pressures of about 20 MPa were achieved by high-intensity

ultrasound [32], enabling a quick decomposition of the parti-

cles. The lower the immersion height of vibrating spear, the

higher temperature and pressure is achieved, which, as a result,

benefits the formation of PNCs.

Characterization of Cs4PbBr6 PNCs
The current approach can be further used for controlling phase

and structure transformations in the PNCs. The method intro-

duced in this work enables the successful synthesis of rhombo-

hedral Cs4PbBr6 PNCs via changing the amount of OAm. The

amount of OAm was increased to 3.0 mL, while all other condi-

tions were kept the same. The phase of the obtained product

was characterized by XRD, as shown in Figure 4a. The XRD

pattern with peaks at 2θ = 12.9, 20.1, 22.4, 25.6, 28.6 30.3,

30.9, 34.1, 39.3, and 45.7° correspond to diffractions from

(110), (113), (300), (024), (214), (223), (006), (134), (330), and

(600) crystal planes of rhombohedral Cs4PbBr6 (PDF card #73-

2478) [13]. Meanwhile, weak peaks of CsPbBr3 were observed,

indicating both CsPbBr3 and Cs4PbBr6 PNCs were formed

during the process.

TEM was further performed to characterize the morphology of

as-prepared PNCs. Figure 4b shows the formation of Cs4PbBr6

PNCs with hexagonal crystal structure and confirms the exis-

tence of square-shaped CsPbBr3 PNCs. Additionally, Figure 4c

shows that the small black spots (green arrows) existing on the

surface of the Cs4PbBr6 PNCs are metallic lead nanoparticles

that have been reported before [23,35,36]. The HRTEM image

shown in Figure 4d demonstrates an interplanar spacing of

0.39 nm, corresponding to the (300) crystal plane of bulk

Cs4PbBr6, which is also consistent with the PDF card #73-2478.

The size of the Cs4PbBr6 PNCs is defined here as the longest

distance between hexagonal corners, which is ca. 65 nm for the

example shown. Besides, the SEM image illustrates that

Cs4PbBr6 particles are hexagonal prisms with a thickness of

ca. 15 nm, as presented in Figure 4d inset and Supporting Infor-

mation File 1, Figure S2.

The absorption spectrum of the Cs4PbBr6 PNCs is very differ-

ent from that of the CsPbBr3 PNCs, as shown in Figure 4e. The
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Figure 4: Characterization of the Cs4PbBr6 PNCs synthesized using ultrasonication. (a) XRD patterns. Black line represents experimental data; blue
line (below) and pink line (upper) represent standard reference bulk CsPbBr3 and Cs4PbBr6, respectively. (b) TEM image, red squares represent
CsPbBr3 PNCs. (c),(d) HRTEM images, green arrows in (c) represent metallic lead nanoparticles and inset in (d) is SEM image of Cs4PbBr6 PNCs,
respectively. (e) UV–vis absorption spectra (red line) and PL emission spectra (blue line). Insets are high resolution absorption spectrum and repre-
sentative digital photograph.

first excitonic absorption has been shifted from 510 nm for

CsPbBr3 PNCs to 315 nm for Cs4PbBr6 PNCs. This absorption

feature is consistent with that of bulk Cs4PbBr6, which was

proven to be the localized 6s1/2–6p1/2 transition within the iso-

lated [PbBr6]4− octahedra separated by Cs+ ions [24]. A weak

characteristic UV–vis absorption and a PL emission peak for

CsPbBr3 PNCs at 505 nm and 520 nm, respectively, further

confirmed the existence CsPbBr3 PNCs.

In Cs4PbBr6 PNCs, typically a green emission arises either

from defects or from impurities or from a combination of both

[37,38]. Herein, the purified Cs4PbBr6 PNCs did not demon-

strate PL emission over the whole visible spectrum due to their

wide bandgap (Eg(Cs4PbBr6) = 3.94 eV), while the observed

weak PL emission results from a small portion of CsPbBr3

impurities in the Cs4PbBr6 PNCs (see Figure 3a–e). Since

CsPbBr3 PNCs exhibit a high PL QY, the green PL emission is

ascribed to minor CsPbBr3 impurities in the samples. This result

coincides with previous works on Cs4PbBr6 PNCs that show a

strong green emission at about 500 nm and confirmed that these

green PL emissions originate from CsPbBr3 PNC impurities

[10,39,40].

Furthermore, the effect of the amount of OAm on the phase

transformation was investigated. As shown in Figure 5a, when

the amount of OAm ranged from 0.5 to 3.0 mL, the first charac-

teristic absorption peak (ca. 510 nm) and the PL emission inten-

sity of CsPbBr3 PNCs slowly decrease, while new strong

absorption features in the UV region (ca. 315 nm) emerge,

which have been confirmed to result from the formation of

Cs4PbBr6 PNCs [25]. When adding equal amounts of OAm and

OA, there are no other peaks in the UV–vis absorption spectra

except for that at ca. 510 nm. With increasing amount of OAm,

the absorption intensity at ca. 510 nm decreases. Simultaneous-

ly, the absorption intensity at ca. 315 nm increases, while the

PL intensity decreases (Figure 5b), and is blue-shifted followed

by an increase in the FWHM of the PL peak. All these effects

suggest the decomposition of the CsPbBr3 PNCs. Based on this

process it can be concluded that the excess amount of OAm

triggers the transformation between CsPbBr3 PNCs and

Cs4PbBr6 PNCs.

The morphology change from CsPbBr3 PNCs to Cs4PbBr6

PNCs was further confirmed by using TEM. When the amount

of OAm is between 0.5 and 1.5 mL, the morphology of PNCs

gradually becomes irregular and some hexagonal shapes emerge

(Figure 5c–e). As the amount of OAm increase to 3.0 mL,

Cs4PbBr6 PNCs with homogeneous hexagonal shape can be

achieved (Figure 5h). These results suggest that the growth

kinetics of this process can be controlled by adding OAm, and

the PNCs are prone to crystallize in the Cs-rich Cs4PbBr6 phase

when OAm is present in excess. The transformation from
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Figure 5: The change of (a) UV–vis absorption spectra, (b) PL spectra, and (c)–(h) TEM images of CsPbBr3 PNCs synthesized at 0.5, 1.0, 1.5, 2.0,
2.5, and 3.0 mL of OAm, respectively, while keeping OA unchanged. (i) Schematic illustration of the morphology change from CsPbBr3 PNCs to
Cs4PbBr6 PNCs.

CsPbBr3 to Cs4PbBr6 leads to a remarkable change in crystal

structure and atomic composition. Udayabhaskararao et al.

demonstrated that this transformation is driven by recrystalliza-

tion induced by micelle formation or soft-ligand templating

[25]. This mechanism, however, cannot explain the phase trans-

formation from CsPbBr3 to Cs4PbBr6 in this work because there

are no intermediate stages observed by TEM. Therefore, we

suppose the transformation between the two phases involves ion

equilibria. A large amount of OAm can form oleylammonium

and dissolve PbBr2, resulting in the formation of lead oleate and

oleylammonium bromide, thus driving the transformation [41].

An even larger amount of OAm can also dissolve CsPbBr3

PNCs and accelerate the transformation into Cs4PbBr6 PNCs.

This process is related to Ostwald ripening that was found

during the nucleation and growth of PNCs [42]. Therefore, the

formation of Cs4PbBr6 PNCs is promoted by the capacity of the

organic ligands to dissolve PbBr2 and by the dissociation of

CsPbBr3 PNCs.
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A series of TEM images (Figure 4c–h) clearly confirm that the

morphology of these PNCs can be tuned easily by changing the

amount of OAm in the precursor solution, while keeping the

amount of OA unchanged. We attribute this morphology change

to the crystal anisotropy induced by the growth kinetics. The

capping ligands are preferentially attached to the PNCs facets,

resulting in different growth rates on different crystal facets

[43]. A schematic illustration of the morphology change be-

tween CsPbBr3 PNCs and Cs4PbBr6 PNCs is shown in

Figure 5i. When equal amounts of OA and OAm are added, the

reaction favors isotropic growth, since OA and OAm play a co-

operative role (Figure 5i(1)). When more OAm is added, the

long-chain OAm are more easily bound to the surface of the

PNCs and restrict the perpendicular growth (001) [44]. Addi-

tionally, the growth rates for the side planes are different due to

excess amount of OAm easily aggregated at the boundary of

two adjacent planes [45], which possibly leads to the formation

of (100) planes and the appearance of diamond-like product, as

demonstrated in Figure 5i(2,3). This inhibiting effect is distinct

when OAm is added in large excess, yielding a hexagonal struc-

ture with sharp edges, as shown in Figure 5i(4).

Reversible transformation between Cs4PbBr6
PNCs and CsPbBr3 PNCs
After a few weeks, the prepared Cs4PbBr6 PNCs solution be-

came milky white, indicating that untransformed CsPbBr3

PNCs decomposed completely. We further explored a possible

reversible transformation by introducing different amounts of

water. When little water was added, the color of Cs4PbBr6 solu-

tion changed from colorless to light-green rapidly (Supporting

Information File 2), implying a possible structural transformat-

ion. In order to monitor the transformation process, different

amounts of water were gradually dropped into a Cs4PbBr6

PNCs solution (Figure 6a). When more water was added, the

solution became green-yellow.

Furthermore, the transformation process was studied by using

UV–vis absorption and PL emission spectroscopy. As shown in

Figure 6b, the colorless Cs4PbBr6 PNCs solution exhibits a

strong first excitonic absorption peak at 315 nm. When a small

amount of water was slowly added, the intensity of the first

excitonic absorption peak declined gradually, indicating the de-

composition of Cs4PbBr6 PNCs. Correspondingly, a weak

absorption peak at 510 nm emerged. Moreover, as the amount

of water was increased, the intensity of the absorption peak at

about 510 nm increased steadily (inset in Figure 6b). Compared

with the excitonic absorption peak of Cs4PbBr6 PNCs, the prod-

uct displayed only weak absorbance. Figure 6c demonstrates the

PL emission spectra of the samples during the transformation

process. After the addition of small amounts of water, a PL

emission peak at 518 nm appeared and gradually increased in

intensity, suggesting a luminescent product was formed. XRD

measurements were carried out to determine the phase of the

obtained product. As shown in Figure 6d, the XRD diffraction

pattern of final product is consistent with bulk orthorhombic

CsPbBr3 (PDF card #18-0364), suggesting the formation of

CsPbBr3 PNCs. Moreover, the PL QY of as-prepared CsPbBr3

PNCs was calculated to be ca. 70%. Interestingly, the CsPbBr3

PNCs show a high stability in ambient environment, as shown

in Figure 6e. Upon the addition of a large amount of OAm and

upon ultrasonication, the conversion from CsPbBr3 PNCs to

Cs4PbBr6 PNCs was achieved (Supporting Information File 1,

Figure S3) and can be repeated more than two times, similar to

previous reports [25].

The addition of led to the decomposition of Cs4PbBr6 and the

formation of CsPbBr3 PNCs, triggered by the stripping of

water-soluble CsBr. During this process, the rhombohedral

Cs4PbBr6 PNCs are slowly converted to orthorhombic CsPbBr3

PNCs (Figure 6d) and the rate of this conversion depends on the

amount of water. The CsBr-stripping can be proven by the

reduction of crystal size from 65 to 11.7 nm (Figure 1 and

Figure 4). This is consistent with the findings reported by Wu

and co-workers [20]. As the solubility of liquid paraffin or

capping ligands in water is very low, further dissolution of

CsPbBr3 PNCs is inhibited, which is similar to the effect

demonstrated by Wu’s group who took advantage of the very

low (only 9.5 mg/L) solubility of hexane in water [20]. The

above result indicates that the CsPbBr3 PNCs have a higher

stability than Cs4PbBr6 PNCs against water.

Conclusion
In summary, we demonstrate the effect of small changes in the

environment of capping ligands and water on the crystal struc-

ture and stoichiometry of PNCs. This study expanded our recent

work of synthesizing differently shaped CsPbBr3 PNCs [30].

Similarly as demonstrated in our recent study, by changing the

ultrasound power and radiation time, the PL emission of

CsPbBr3 PNCs could be easily tuned. More importantly, with

lower the immersion heights of the vibrating spear higher PL

QY of CsPbBr3 PNCs were achieved. The as-prepared CsPbBr3

PNCs show a high PL QY of up to 85% and a considerable

photostability and chemical stability. The Cs4PbBr6 PNCs are

obtained via direct ultrasonication of precursors or after adding

OAm in the pre-synthesized CsPbBr3 PNCs solution. The phase

transformation of orthorhombic CsPbBr3 NCs to rhombohedral

Cs4PbBr6 NCs is promoted by the capacity of organic ligands to

dissolve PbBr2, and by the formation of lead oleate and the

dissociation of CsPbBr3 PNCs. Morphology changes are mainly

ascribed to the anisotropic growth of the crystals. In addition, a

reverse transformation from Cs4PbBr6 PNCs to CsPbBr3 PNCs

can be achieved by adding water to pre-synthesized Cs4PbBr6
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Figure 6: (a) The transformation process from Cs4PbBr6 PNCs to CsPbBr3 PNCs. The products were illuminated under a 365 nm UV light. Both (b)
UV–vis absorption spectra and (c) PL spectra of products were recorded during the transformation process. (d) XRD diffraction patterns of typical
products prepared by changing the amount of added water, demonstrating the transformation from rhombohedral Cs4PbBr6 PNCs to orthorhombic
CsPbBr3 PNCs. (e) Stability of as-prepared CsPbBr3 PNCs in ambient environment.

PNCs. The developed ultrasonication assistance results in the

successful control over the phase transformation of PNCs,

which can find widespread application in photoelectronic

devices. We anticipate that this work can be extended to prepare

other halide perovskites.

Experimental
Chemicals
Cesium carbonate (Cs2CO3, 99%), lead bromide (PbBr2, 98%),

liquid paraffin (90%), oleic acid (OA, 90%), oleylamine (OAm,

70%), and anhydrous toluene (99.8%) were purchased from

Shanghai Aladdin Biochemical Technology Co. The chemicals

used in the present work were of analytical grade and used

without further purifications.

Synthesis of CsPbBr3 PNCs and Cs4PbBr6
PNCs
CsPbBr3 PNCs: The PNCs were prepared via modifying the

procedures reported by Tong and Rao and co-workers [29,30].

In a typical process, Cs2CO3 (0.15 mmol) and PbBr2

(0.30 mmol) powders were added to a mixture of 10 mL liquid

paraffin (LP), 0.50 mL OA and 0.50 mL OAm. Then the reac-

tion medium was processed by tip-sonication at a power of

120 W for 40 min. During the sonication, the colorless reaction

medium gradually transformed into a yellow and then an

orange-yellow solution, which suggests the formation of PNCs

and demonstrates strong fluorescence emission under 365 nm

UV light excitation. After completion of the reaction, unreacted

precursors and excess ligands were removed by centrifugation
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at a speed of 3000 rpm for 10 min and then the precipitate

was redispersed in 5.0 mL of toluene. Then, the colloidal

solution was centrifuged at a speed of 12000 rpm for 5 min and

the sediment was redispersed in toluene for further characteriza-

tion.

Cs4PbBr6 PNCs: Cs2CO3 (0.15 mmol) and PbBr2 (0.30 mmol)

powders were added to a mixture of 10 mL liquid paraffin,

0.50 mL OA and 3.0 mL OAm, while keeping other synthesis

conditions as the same as that of CsPbBr3 PNCs.

Reversible transformation from Cs4PbBr6
PNCs to CsPbBr3 PNCs
50–250 μL of water was added to 5.0 mL of the pre-synthe-

sized Cs4PbBr6 PNCs solution and shaken slightly, which

is a modification of the work reported by Wu and co-workers

[20].

Characterizations
The crystal surface morphology of the PNCs was characterized

by transmission electron microscopy (TEM, JEM-2100F, JEOL,

Japan) with an accelerating voltage of 100 kV. High-resolution

TEM (HRTEM) was carried out on a JEOL JEM-2100F instru-

ment operating at 200 kV. The crystal phases of the products

were measured using an X-ray diffractometer (XRD,

D8-Advance, Bruker, Germany) with a Cu Kα radiation source

(λ = 0.15418 nm) at a counting rate of 2° per minute in the

scanning angle (2θ) range from 5° to 50°. The surface morphol-

ogy of Cs4PbBr6 PNCs was characterized by using a field-emis-

sion scanning electron microscope (SEM, Merlin). The UV–vis

absorption spectra of the samples were measured using a

UV–vis spectrometer (Shimadzu, Japan) over the wavelength

range from 300 to 700 nm, at 1 nm intervals. The PL spectra of

the PNCs were recorded using a fluorescence spectropho-

tometer (RF-6000, Shimadzu, Japan) using a Xe lamp as an ex-

citation source.

Supporting Information
Supporting Information File 1
Additional PL spectra, SEM image, and UV–vis absorption

spectra.

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

supplementary/2190-4286-10-66-S1.pdf]

Supporting Information File 2
Video showing the transformation from Cs4PbBr6 to

CsPbBr3 PNCs after addition of water.

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

supplementary/2190-4286-10-66-S2.mp4]

Acknowledgements
This work is financially supported by National Natural Science

Foundation of China (51735004, 51805173, and 51775199),

Natural Science Foundation of Guangdong Province

(2014A030312017), Science & Technology Program of Guang-

dong Province (2017B010115001), and the SCUT Funda-

mental Research Funds for the Central Universities.

ORCID® iDs
Jin Z. Zhang - https://orcid.org/0000-0003-3437-912X

References
1. Pan, J.; Quan, L. N.; Zhao, Y.; Peng, W.; Murali, B.; Sarmah, S. P.;

Yuan, M.; Sinatra, L.; Alyami, N. M.; Liu, J.; Yassitepe, E.; Yang, Z.;
Voznyy, O.; Comin, R.; Hedhili, M. N.; Mohammed, O. F.; Lu, Z. H.;
Kim, D. H.; Sargent, E. H.; Bakr, O. M. Adv. Mater. (Weinheim, Ger.)
2016, 28, 8718–8725. doi:10.1002/adma.201600784

2. Li, J.; Xu, L.; Wang, T.; Song, J.; Chen, J.; Xue, J.; Dong, Y.; Cai, B.;
Shan, Q.; Han, B.; Zeng, H. Adv. Mater. (Weinheim, Ger.) 2017, 29,
1603885. doi:10.1002/adma.201603885

3. Jeon, N. J.; Na, H.; Jung, E. H.; Yang, T.-Y.; Lee, Y. G.; Kim, G.;
Shin, H.-W.; Il Seok, S.; Lee, J.; Seo, J. Nat. Energy 2018, 3, 682–689.
doi:10.1038/s41560-018-0200-6

4. Wang, X.; Shoaib, M.; Wang, X.; Zhang, X.; He, M.; Luo, Z.; Zheng, W.;
Li, H.; Yang, T.; Zhu, X.; Ma, L.; Pan, A. ACS Nano 2018, 12,
6170–6178. doi:10.1021/acsnano.8b02793

5. Yang, T.; Zheng, Y.; Du, Z.; Liu, W.; Yang, Z.; Gao, F.; Wang, L.;
Chou, K.-C.; Hou, X.; Yang, W. ACS Nano 2018, 12, 1611–1617.
doi:10.1021/acsnano.7b08201

6. Vickers, E. T.; Graham, T. A.; Chowdhury, A. H.; Bahrami, B.;
Dreskin, B. W.; Lindley, S.; Bonabi Naghadeh, S.; Qiao, Q.;
Zhang, J. Z. ACS Energy Lett. 2018, 3, 2931–2939.
doi:10.1021/acsenergylett.8b01754

7. Koscher, B. A.; Swabeck, J. K.; Bronstein, N. D.; Alivisatos, A. P.
J. Am. Chem. Soc. 2017, 139, 6566–6569. doi:10.1021/jacs.7b02817

8. Wu, K.; Liang, G.; Shang, Q.; Ren, Y.; Kong, D.; Lian, T.
J. Am. Chem. Soc. 2015, 137, 12792–12795.
doi:10.1021/jacs.5b08520

9. Akkerman, Q. A.; Park, S.; Radicchi, E.; Nunzi, F.; Mosconi, E.;
De Angelis, F.; Brescia, R.; Rastogi, P.; Prato, M.; Manna, L.
Nano Lett. 2017, 17, 1924–1930. doi:10.1021/acs.nanolett.6b05262

10. Yin, J.; Zhang, Y.; Bruno, A.; Soci, C.; Bakr, O. M.; Brédas, J.-L.;
Mohammed, O. F. ACS Energy Lett. 2017, 2, 2805–2811.
doi:10.1021/acsenergylett.7b01026

11. Yin, J.; Maity, P.; De Bastiani, M.; Dursun, I.; Bakr, O. M.; Brédas, J.-L.;
Mohammed, O. F. Sci. Adv. 2017, 3, e1701793.
doi:10.1126/sciadv.1701793

12. Saidaminov, M. I.; Almutlaq, J.; Sarmah, S.; Dursun, I.;
Zhumekenov, A. A.; Begum, R.; Pan, J.; Cho, N.; Mohammed, O. F.;
Bakr, O. M. ACS Energy Lett. 2016, 1, 840–845.
doi:10.1021/acsenergylett.6b00396

13. Seth, S.; Samanta, A. J. Phys. Chem. Lett. 2017, 8, 4461–4467.
doi:10.1021/acs.jpclett.7b02100

14. Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.;
Hendon, C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nano Lett.
2015, 15, 3692–3696. doi:10.1021/nl5048779

15. Pan, A.; He, B.; Fan, X.; Liu, Z.; Urban, J. J.; Alivisatos, A. P.; He, L.;
Liu, Y. ACS Nano 2016, 10, 7943–7954. doi:10.1021/acsnano.6b03863

https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-10-66-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-10-66-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-10-66-S2.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-10-66-S2.mp4
https://orcid.org/0000-0003-3437-912X
https://doi.org/10.1002%2Fadma.201600784
https://doi.org/10.1002%2Fadma.201603885
https://doi.org/10.1038%2Fs41560-018-0200-6
https://doi.org/10.1021%2Facsnano.8b02793
https://doi.org/10.1021%2Facsnano.7b08201
https://doi.org/10.1021%2Facsenergylett.8b01754
https://doi.org/10.1021%2Fjacs.7b02817
https://doi.org/10.1021%2Fjacs.5b08520
https://doi.org/10.1021%2Facs.nanolett.6b05262
https://doi.org/10.1021%2Facsenergylett.7b01026
https://doi.org/10.1126%2Fsciadv.1701793
https://doi.org/10.1021%2Facsenergylett.6b00396
https://doi.org/10.1021%2Facs.jpclett.7b02100
https://doi.org/10.1021%2Fnl5048779
https://doi.org/10.1021%2Facsnano.6b03863


Beilstein J. Nanotechnol. 2019, 10, 666–676.

676

16. He, X.; Qiu, Y.; Yang, S. Adv. Mater. (Weinheim, Ger.) 2017, 29,
1700775. doi:10.1002/adma.201700775

17. Bekenstein, Y.; Koscher, B. A.; Eaton, S. W.; Yang, P.; Alivisatos, A. P.
J. Am. Chem. Soc. 2015, 137, 16008–16011.
doi:10.1021/jacs.5b11199

18. Chen, M.; Zou, Y.; Wu, L.; Pan, Q.; Yang, D.; Hu, H.; Tan, Y.;
Zhong, Q.; Xu, Y.; Liu, H.; Sun, B.; Zhang, Q. Adv. Funct. Mater. 2017,
27, 1701121. doi:10.1002/adfm.201701121

19. Rao, L.; Tang, Y.; Yan, C.; Li, J.; Zhong, G.; Tang, K.; Yu, B.; Li, Z.;
Zhang, J. Z. J. Mater. Chem. C 2018, 6, 5375–5383.
doi:10.1039/c8tc00582f

20. Wu, L.; Hu, H.; Xu, Y.; Jiang, S.; Chen, M.; Zhong, Q.; Yang, D.;
Liu, Q.; Zhao, Y.; Sun, B.; Zhang, Q.; Yin, Y. Nano Lett. 2017, 17,
5799–5804. doi:10.1021/acs.nanolett.7b02896

21. Palazon, F.; Urso, C.; De Trizio, L.; Akkerman, Q.; Marras, S.;
Locardi, F.; Nelli, I.; Ferretti, M.; Prato, M.; Manna, L. ACS Energy Lett.
2017, 2, 2445–2448. doi:10.1021/acsenergylett.7b00842

22. Palazon, F.; Almeida, G.; Akkerman, Q. A.; De Trizio, L.; Dang, Z.;
Prato, M.; Manna, L. Chem. Mater. 2017, 29, 4167–4171.
doi:10.1021/acs.chemmater.7b00895

23. Zhai, W.; Lin, J.; Li, Q.; Zheng, K.; Huang, Y.; Yao, Y.; He, X.; Li, L.;
Yu, C.; Liu, C.; Fang, Y.; Liu, Z.; Tang, C. Chem. Mater. 2018, 30,
3714–3721. doi:10.1021/acs.chemmater.8b00612

24. Liu, Z.; Bekenstein, Y.; Ye, X.; Nguyen, S. C.; Swabeck, J.; Zhang, D.;
Lee, S.-T.; Yang, P.; Ma, W.; Alivisatos, A. P. J. Am. Chem. Soc. 2017,
139, 5309–5312. doi:10.1021/jacs.7b01409

25. Udayabhaskararao, T.; Houben, L.; Cohen, H.; Menahem, M.;
Pinkas, I.; Avram, L.; Wolf, T.; Teitelboim, A.; Leskes, M.; Yaffe, O.;
Oron, D.; Kazes, M. Chem. Mater. 2018, 30, 84–93.
doi:10.1021/acs.chemmater.7b02425

26. Huang, H.; Xue, Q.; Chen, B.; Xiong, Y.; Schneider, J.; Zhi, C.;
Zhong, H.; Rogach, A. L. Angew. Chem. 2017, 129, 9699–9704.
doi:10.1002/ange.201705595

27. Fang, F.; Chen, W.; Li, Y.; Liu, H.; Mei, M.; Zhang, R.; Hao, J.;
Mikita, M.; Cao, W.; Pan, R.; Wang, K.; Sun, X. W. Adv. Funct. Mater.
2018, 28, 1706000. doi:10.1002/adfm.201706000

28. Li, X.; Yu, D.; Cao, F.; Gu, Y.; Wei, Y.; Wu, Y.; Song, J.; Zeng, H.
Adv. Funct. Mater. 2016, 26, 5903–5912. doi:10.1002/adfm.201601571

29. Tong, Y.; Bladt, E.; Aygüler, M. F.; Manzi, A.; Milowska, K. Z.;
Hintermayr, V. A.; Docampo, P.; Bals, S.; Urban, A. S.; Polavarapu, L.;
Feldmann, J. Angew. Chem., Int. Ed. 2016, 55, 13887–13892.
doi:10.1002/anie.201605909

30. Rao, L.; Tang, Y.; Song, C.; Xu, K.; Vickers, E. T.;
Bonabi Naghadeh, S.; Ding, X.; Li, Z.; Zhang, J. Z. Chem. Mater. 2019,
31, 365–375. doi:10.1021/acs.chemmater.8b03298

31. Brouwer, A. M. Pure Appl. Chem. 2011, 83, 2213–2228.
doi:10.1351/pac-rep-10-09-31

32. Qi, X.; Zhou, T.; Deng, S.; Zong, G.; Yao, X.; Fu, Q. J. Mater. Sci.
2014, 49, 1785–1793. doi:10.1007/s10853-013-7866-8

33. Mphuthi, N. G.; Adekunle, A. S.; Fayemi, O. E.; Olasunkanmi, L. O.;
Ebenso, E. E. Sci. Rep. 2017, 7, 43181. doi:10.1038/srep43181

34. Yuwen, L.; Yu, H.; Yang, X.; Zhou, J.; Zhang, Q.; Zhang, Y.; Luo, Z.;
Su, S.; Wang, L. Chem. Commun. 2016, 52, 529–532.
doi:10.1039/c5cc07301d

35. Akkerman, Q. A.; Motti, S. G.; Srimath Kandada, A. R.; Mosconi, E.;
D’Innocenzo, V.; Bertoni, G.; Marras, S.; Kamino, B. A.; Miranda, L.;
De Angelis, F.; Petrozza, A.; Prato, M.; Manna, L. J. Am. Chem. Soc.
2016, 138, 1010–1016. doi:10.1021/jacs.5b12124

36. Dang, Z.; Shamsi, J.; Palazon, F.; Imran, M.; Akkerman, Q. A.;
Park, S.; Bertoni, G.; Prato, M.; Brescia, R.; Manna, L. ACS Nano
2017, 11, 2124–2132. doi:10.1021/acsnano.6b08324

37. Seth, S.; Samanta, A. J. Phys. Chem. Lett. 2018, 9, 176–183.
doi:10.1021/acs.jpclett.7b02931

38. Akkerman, Q. A.; Abdelhady, A. L.; Manna, L. J. Phys. Chem. Lett.
2018, 9, 2326–2337. doi:10.1021/acs.jpclett.8b00572

39. Zhang, Y.; Saidaminov, M. I.; Dursun, I.; Yang, H.; Murali, B.;
Alarousu, E.; Yengel, E.; Alshankiti, B. A.; Bakr, O. M.;
Mohammed, O. F. J. Phys. Chem. Lett. 2017, 8, 961–965.
doi:10.1021/acs.jpclett.7b00105

40. Chen, D.; Wan, Z.; Chen, X.; Yuan, Y.; Zhong, J. J. Mater. Chem. C
2016, 4, 10646–10653. doi:10.1039/c6tc04036e

41. Almeida, G.; Goldoni, L.; Akkerman, Q.; Dang, Z.; Khan, A. H.;
Marras, S.; Moreels, I.; Manna, L. ACS Nano 2018, 12, 1704–1711.
doi:10.1021/acsnano.7b08357

42. Koolyk, M.; Amgar, D.; Aharon, S.; Etgar, L. Nanoscale 2016, 8,
6403–6409. doi:10.1039/c5nr09127f

43. Liang, Z.; Zhao, S.; Xu, Z.; Qiao, B.; Song, P.; Gao, D.; Xu, X.
ACS Appl. Mater. Interfaces 2016, 8, 28824–28830.
doi:10.1021/acsami.6b08528

44. Liu, W.; Zheng, J.; Cao, S.; Wang, L.; Gao, F.; Chou, K.-C.; Hou, X.;
Yang, W. Inorg. Chem. 2018, 57, 1598–1603.
doi:10.1021/acs.inorgchem.7b02941

45. Li, G.; Wang, H.; Zhu, Z.; Chang, Y.; Zhang, T.; Song, Z.; Jiang, Y.
Chem. Commun. 2016, 52, 11296–11299. doi:10.1039/c6cc05877a

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). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

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

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.10.66

https://doi.org/10.1002%2Fadma.201700775
https://doi.org/10.1021%2Fjacs.5b11199
https://doi.org/10.1002%2Fadfm.201701121
https://doi.org/10.1039%2Fc8tc00582f
https://doi.org/10.1021%2Facs.nanolett.7b02896
https://doi.org/10.1021%2Facsenergylett.7b00842
https://doi.org/10.1021%2Facs.chemmater.7b00895
https://doi.org/10.1021%2Facs.chemmater.8b00612
https://doi.org/10.1021%2Fjacs.7b01409
https://doi.org/10.1021%2Facs.chemmater.7b02425
https://doi.org/10.1002%2Fange.201705595
https://doi.org/10.1002%2Fadfm.201706000
https://doi.org/10.1002%2Fadfm.201601571
https://doi.org/10.1002%2Fanie.201605909
https://doi.org/10.1021%2Facs.chemmater.8b03298
https://doi.org/10.1351%2Fpac-rep-10-09-31
https://doi.org/10.1007%2Fs10853-013-7866-8
https://doi.org/10.1038%2Fsrep43181
https://doi.org/10.1039%2Fc5cc07301d
https://doi.org/10.1021%2Fjacs.5b12124
https://doi.org/10.1021%2Facsnano.6b08324
https://doi.org/10.1021%2Facs.jpclett.7b02931
https://doi.org/10.1021%2Facs.jpclett.8b00572
https://doi.org/10.1021%2Facs.jpclett.7b00105
https://doi.org/10.1039%2Fc6tc04036e
https://doi.org/10.1021%2Facsnano.7b08357
https://doi.org/10.1039%2Fc5nr09127f
https://doi.org/10.1021%2Facsami.6b08528
https://doi.org/10.1021%2Facs.inorgchem.7b02941
https://doi.org/10.1039%2Fc6cc05877a
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.66


735

An iridescent film of porous anodic aluminum oxide with
alternatingly electrodeposited Cu and SiO2 nanoparticles
Menglei Chang1, Huawen Hu*1, Haiyan Quan1, Hongyang Wei1, Zhangyi Xiong1,
Jiacong Lu1, Pin Luo1, Yaoheng Liang1, Jianzhen Ou*2 and Dongchu Chen*1

Full Research Paper Open Access

Address:
1College of Materials Science and Energy Engineering, Foshan
University, Jiangwan First Road, Chancheng, Foshan, Guangdong,
China and 2School of Engineering, RMIT University, Melbourne, VIC,
Australia

Email:
Huawen Hu* - huawenhu@126.com; Jianzhen Ou* -
Jianzhen.ou@rmit.edu.au; Dongchu Chen* - cdcever@163.com

* Corresponding author

Keywords:
aluminum alloys; anodic aluminum oxidation; interference-enabled
color production; rainbow effect; structural color

Beilstein J. Nanotechnol. 2019, 10, 735–745.
doi:10.3762/bjnano.10.73

Received: 04 November 2018
Accepted: 22 February 2019
Published: 19 March 2019

This article is part of the thematic issue "Low-dimensional materials and
systems".

Associate Editor: E. Meyer

© 2019 Chang et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
The structurally colored surface of anodic aluminum oxide (AAO) is highly useful for decoration and anti-counterfeiting applica-

tions, which are of significance for both scientific and industrial communities. This study presents the first demonstration of the

fabrication of an iridescent film of porous AAO on an industrial aluminum alloy substrate, with alternatingly electrodeposited Cu

and SiO2 nanoparticles (NPs). A rainbow effect was effectively obtained for the optimized sample with appropriate alternating elec-

trodeposition times. The structure and optical properties of a series of the electrodeposited AAO-based thin film were investigated.

The Cu and SiO2 NPs were found to be uniformly deposited into the porous structure of the AAO film, and the alternating elec-

trodeposition repeating twice led to the formation of the optimal AAO-based thin film that exhibited a rainbow effect and superior

anti-corrosion performance.
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Introduction
Due to the low cost, high mechanical strength and ductility, and

well-developed production procedures, aluminum alloys have

been extensively used as nonferrous structural materials [1-12].

Aluminum alloys are generally prepared by doping aluminum

with other elements at a low content [13]. Anodic aluminum ox-

idation processing and electrodeposition treatment can allow the

aluminum alloy to bear different structural colors, providing

exciting opportunities for bringing such materials to the fields

of decorative materials [14-17]. However, only a limited num-

ber of colors has been produced by the traditional coloration

techniques [14,16,18,19]. To widen the spectrum of colors,

many researchers turn to mimic the structural color from nature,

which is expected as the origin for the artificial creation of

multiple and stable colors existing on the surface of aluminum

https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:huawenhu@126.com
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alloys [15,20]. Furthermore, their own characteristics of the

structural colors are also expected to enrich the aluminum

alloys with vivid optical properties [21].

Structural colors are generated by light diffraction, interference

and scattering [20], completely different from pigment colors

involving the selective absorption of a certain light waves and

the reflection of the complementary light waves. Structural

colors do not absorb light, implying that the light intensity will

not decrease, and significantly, a local iridescent phenomenon

appears as a result of light diffraction and reflection. This

rainbow effect of structural colors refers to that different colors

are displayed with a change of the viewing angle [16,22]. By

contrast, no rainbow effect occurs in the pigment colors. The

artificial structural color is inspired from nature, e.g., the bright

tail of the peacock feathers, the mixed cyan and green shell of

the Coleoptera beetles, and the wings of butterflies [15]. In

comparison with pigment colors, structural colors are much

more stable, as a color change can only take place when the

physical structure is varied [23].

Two types of strategies have been employed to produce struc-

tural colors, one is based on self-assembly methods [24], and

the other is based on electrodeposition [18]. The former

involves the simultaneous assembly of the basic structural units

such as molecules, nanomaterials, and the materials on the

microscale or even larger scales to form an ordered structure.

During the self-assembly process, the basic structural units

organize or aggregate, in a simultaneous way, into a stable

structure possessing a regular geometric appearance. In

contrast, electrodeposition involves the nucleation at an elec-

trode surface under the action of an electric field [25]. For ex-

ample, a high-purity aluminum foil was directly used as a tem-

plate, on which anodic aluminum oxide (AAO) films with dif-

ferent thicknesses were generated by anodization for different

durations. Subsequently, the electrodeposition of Co and Cu

were performed. Under irradiation of natural light perpendicu-

lar to the surface, different colors (including purple, blue, blue-

green, green, and yellow) appeared in the Co/AAO films

depending on the anodization duration, and another set of colors

(including purple, indigo, blue, blue-green, and green) also

appeared in the Cu/AAO films depending on the oxidation time.

This colorful AAO composite film with the electrodeposited

metal was a result of an increase in the effective refractive index

and hence reduction of the reflection of the aluminum substrate

[25]. The saturation of the structural colors of the metal-

deposited AAO composite film was largely enhanced [25-27].

An electrostatic self-assembly technique was also employed to

produce large-area, ordered interference-enabled colored films

with uniform structural colors on the surface of inorganic nano-

particles (NPs) that had been prepared to bear surface charges

[28]. On the substrates of quartz glass, PET and PP, twenty

cycles of the assembly of a SiO2 film led to the formation of

dark red, orange-yellow, and lake-green films, respectively.

With a change in the particle size of SiO2, the PET substrate

after being exposed to twenty cycles of SiO2 film deposition

exhibited a color variation from blue over magenta to green.

Varying the cycles of the deposition of 50 nm SiO2 film, color

changes were demonstrated with the incident light angle, e.g.,

from cyan to blue, from orange-red to yellow, from blue-green

to blue-purple, and from magenta to dark green. The SiO2/PET

film was also applied to the surface of textile fibers, yielding

structural colors [29-31]. Using a one-step oxidation method in

phosphoric acid solution, AAO/Al was firstly prepared, onto

which a non-magnetic Ag@AAO composite film was further

fabricated by an alternating electrodeposition technique. It was

found that under incident light at 0°, the color of the Ag/AAO

film changed with the electrodeposition time, including purple,

blue, green, yellow, pink, and red. Varying the incident light

angle, different colors were exhibited including dark yellow,

dark green, dark blue, and light purple. A picture was also

created on an organic coating that was previously applied onto

the Ag/AAO film, and different patterns could be generated

with the variation of the incident light angle, satisfying the

requirements for optical anti-counterfeiting applications [32]. A

self-made electrophoresis-based deposition device was also

adopted to deposit negatively charged PS spheres onto the sur-

face of a carbon fiber using a stainless steel tube and a carbon

fiber as the anode and cathode under the action of a circular

electric field, respectively, resulting in a cylindrical fibrous

structure. The control over the electrodeposition voltage and

time allowed for the fabrication of fibers with different thick-

nesses, and the resulting fibers exhibited structural colors of

blue, green, and red when the PS spheres with a diameter of

185, 230 and 290 nm, respectively, were employed [33-35]. A

natural sedimentation method was also used to prepare a struc-

turally colored SiO2 photonic crystal film. Changing the inci-

dent light angles led to a variation of the structural color from

red to blue-purple, and the SiO2 particle size was also found to

have an influence on the film color [14]. Furthermore, an AAO

template was firstly prepared in an electrolyte with an alkaline

silica gel and phosphate, onto which a layer of an Au film was

deposited via sputtering, yielding a colorful filter material. Dif-

ferent structural colors could be obtained via changing the an-

odization time [17].

In this context, instead of using high-purity aluminum foils and

titanium foils as the substrate for the anodization treatment,

which have been widely explored [25,32,36,37], we employed

an industrial aluminum alloy as substrate to first generate

porous AAO films and subsequently investigated the structural

color exhibited in the AAO films after alternating electrodeposi-
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tion of Cu NPs and SiO2 NPs with high and low refractive

indexes, respectively. The NPs grew in the porous AAO film in

a confined manner. The large difference between the refractive

indexes of the Cu NPs and the SiO2 NPs could result in the gen-

eration of vivid colors. This study presents the first demonstra-

tion of tailoring the structural coloring of AAO film-decorated

industrial aluminum alloy plates by controlling the times of the

alternating electrodeposition of Cu and SiO2 NPs. Interference-

related colors were achieved and the rainbow effect of the struc-

tural color was also observed. The study presented here will

stimulate the advancements of the utilization of structural colors

with high stabilities for a wide range of applications such as

colorful case shells of electronic devices, automobile bodies,

and anti-counterfeiting labels.

Experimental
Materials
The 6063 aluminum alloy was adopted as substrate. Tetra-

ethoxysilane and sodium dodecyl sulfate (SDS, used as a sur-

factant) were of analytical reagent (AR) grade and obtained

from Fuchen Chemical Reagent Factory. Potassium nitrate (AR)

was supplied by Guangzhou Chemical Reagent Factory, and all

the other reagents were AR grade and purchased from Guang-

dong Guanghua Sci-Tech Co., Ltd.

Anodization and electrodeposition-based
structural coloring of the aluminum alloy
Pretreatment
For removing oily contaminants and dirt, the 6063 aluminum

alloy sample was first washed in an alkaline solution for

3–4 min, and then washed with deionized (DI). Afterward, it

was put into an acidic eluent for the acid-based washing for

2–3 min and then thoroughly washed with DI water. Before

stored for later use, the sample was blow-dried. The alkaline

solution was composed of NaOH (40.0 g), SDS (1.0 g) and DI

water (1.0 L), while the acidic solution consisted of sulfuric

acid solution (40%) and nitric acid solution (10%).

Anodization
The pretreated sample was placed in a sulfuric acid solution

(117 g/L), and the DC electrical power supply (KXN-305D)

was switched on. The anodization was conducted for 30 min at

0–6 °C and an oxidation current of 1.2 A. During the oxidation,

the sample was kept parallel to the two cathodes, with equal dis-

tances between sample and each cathode.

Pore-enlarging treatment with phosphoric acid
After anodization, the sample was put into a phosphoric acid

solution (5%) and allowed to stand for 12 min, and then DI

water was employed to remove the excess phosphoric acid solu-

tion, followed by blow-drying.

Galvanic deposition of Cu NPs
In a CuSO2 solution (60 g/L), the anodically oxidized sample

was colorized using an electrical supply (EOECD-30A) with a

constant voltage of 15 V for a deposition time of 35 s. During

the electrodeposition process, the sample was kept parallel to

the electrodes and at equal distances between them. The sample

was taken out of the electrolyte and then blow-dried before

storage for later use.

Galvanic deposition of SiO2 NPs
The sample with the electrodeposited Cu was put into a SiO2

deposition liquid, and the power supply (EOECD-30A) started

with a constant voltage of 3 V for 35 s deposition. The sample

was kept parallel to the electrode, and the distance between the

sample and electrodes was kept equal during the deposition

process. After the deposition, the sample was removed, washed

with DI water to get rid of the SiO2 deposition liquid, blow-

dried with a hair dryer, and finally put into a sealed pocket for

later use. The SiO2 deposition liquid was prepared by mechani-

cally mixing potassium nitrate (10.11 g), DI water (500 mL),

absolute ethyl alcohol (500 mL), adding tetraethoxysilane

(50 mL) after the pH value was adjusted to 3. The flow chart for

the stepwise galvanic deposition is presented in Table 1.

Table 1: Alternating electrodeposition of Cu and SiO2 for the prepara-
tion of different samples.

sample deposition order

S1 Cu
S2 Cu→SiO2
S3 Cu→SiO2→Cu→SiO2
S4 Cu→SiO2→Cu→SiO2→Cu→SiO2

Hole sealing by hot water
After the alternating electrodeposition, the sample was immedi-

ately put into pre-boiled distilled water, and allowed to stand for

40 min. It was subsequently removed and blow-dried before

placed into a sealed pocket for later use. The purpose of sealing

the pores with hot water was to close the pores in the anodic

oxide film and hence to avoid impurities entering the film.

Electrochemical properties
Electrochemical impedance testing was carried out by applying

a small-amplitude AC voltage to the system and measuring the

ratio of the signal voltage to the current (this ratio was defined

as the system impedance) with the change of the sinusoidal-

wave frequency, or the variation of the phase angle of the

impedance with the change in frequency. Nyquist and Bode

diagrams can be obtained by the electrochemical impedance

measurements. The interfacial impedance of the sample was
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estimated on the basis of the analysis described above, and the

corrosion resistance performance was evaluated in more detail.

Furthermore, the electrical polarization process of the sample in

the test solution was studied by analyzing the Nyquist and Bode

diagrams.

The test sample was immobilized onto a PVC tube with epoxy

resin, and then naturally dried for 12 h. After that, a NaCl solu-

tion (3.5%) was poured into the PVC tube, and the level of the

NaCl solution was in the range of a half to two-thirds of the

tube volume. The exposed area of the PVC tube was approxi-

mately 5.7 cm2. After being allowed to stand for 24 h, the sam-

ple was exposed to the electrochemical impedance measure-

ments. A three-electrode system was adopted for the measure-

ments, and a Pt wire and a saturated calomel electrode (SCE)

were employed as the auxiliary electrode and reference elec-

trode, respectively. Because such an electrochemical imped-

ance measurement is sensitive to the outside interferences, the

workstation was not permitted to be disrupted during the mea-

surement, and electronic devices such as mobile phones were

placed far away from the experiment.

The polarization test was divided into constant-potential scan-

ning and constant-current scanning, while the former was

divided into electrostatic potential scanning and dynamic poten-

tial scanning. The dynamic potential scanning was mainly

implemented because of its advantages of automatic mapping

and controllable scanning speed. The potentiodynamic sweep

was performed by controlling the electrode potential in a

manner of continuously changing (scanning) at a slower speed,

and the instantaneous current value at the corresponding poten-

tial was measured. The instantaneous current was plotted as a

function of the corresponding electrode potential to obtain the

entire polarization curve. Since the potential of the electrode

applied by the potentiostatic potential was sufficient to destroy

the barrier layer of the sample to be tested, the potentiodynamic

scanning must be performed after the electrical impedance test

had been completed. The potentiodynamic sweep proceeded

from −1.5 V to 1.5 V; the scanning speed, sampling interval,

and frequency were set as 1.5 mV/s, 0.5 s, and 2 Hz, respective-

ly.

Characterizations
A DC power supply (KXN-305D) was employed to conduct the

alternating electrodeposition for achieving the structural

coloring. The power supply (EOECD-30A) was adopted for the

anodization processing of 6063 aluminum alloy samples.

During the anodization, a conversion-based refrigerator (BC/

BD-143), a non-contact infrared thermometer (AR842A+), and

an electrically heated thermostatic water bath were used to

strictly control the temperature. The electrochemical measure-

ments were carried out using an electrochemical workstation

(CS-310) in a three-electrode system, where the platinum elec-

trode and saturated calomel electrode (SCE) worked as the

counter and reference electrodes, respectively. The scanning

range of the potentiodynamic polarization curve was set from

−1.0 to +0.5 V, with a scanning rate and a sampling interval of

1 mV/s and 1 s, respectively. The range of the AC impedance

test rate and the AC amplitude of the sinusoidal wave were set

from 10−2 to 105 Hz and to 10 mV, respectively. The wide-band

responses at the frequencies above 10 Hz and below 10 Hz were

470 pF and 2.2 nF, respectively. The parameters related to filter

and earthing modes were set as 470 nF and field, respectively.

The prepared samples were observed using a TM3030 scanning

electron microscope (SEM, Hitachi). The absorbance and emis-

sivity properties were measured using an ultraviolet–visi-

ble–near infrared (UV–vis–NIR) spectrophotometer (UV-4100,

Hitachi, Japan). Microstructure observation and phase-composi-

tion analyses were performed using a TD-3500 X-ray diffrac-

tion (XRD) instrument. For measuring the thickness of the thin

films formed on the sample, the work probe of a cladding thick-

ness gauge (MINITEST 600) was placed on the specimen sur-

face after the anodization, and the thickness could be directly

read on the gauge. We arbitrarily selected 7–8 positions that

were distributed all over the film surface in order to measure the

average thickness of the film.

To scientifically describe the color of the sample, CIERGB,

CIEXYZ and CIELAB models were successively established by

International Lighting Commission, and CIELAB is considered

as the most complete color model to describe the color observ-

able by the naked eye. CIELAB (CIE1976*) consists of three

channels, i.e., the L, a and b channels that represent brightness,

red and green, and yellow and blue, respectively (where the

larger the a value, the closer to red is the color, and the inverse

leads to green color; the larger the b value, the closer to yellow

is the color, and inverse results in blue color. The color differ-

ence between two samples can be evaluated according to the

established color difference formula.

The change of the incident light angle led us to observe the

rainbow effect of the structurally colored film. In this study, the

most obvious rainbow effect of the structure was regarded as

the best sample, that is, the sample bearing the maximum color

difference under varying angles of incident light. According

to the spectral photometric method in the standard GB/T

3979-2008, the object colors of the sample under 2° incident

light and 10° incident light were measured. The chromatic aber-

ration of each sample at two different angles of incident light

was calculated, and the optimal group had the most chromatic

aberration. The chromatic difference formula (E*) is given

below:
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Figure 1: a,b) SEM images of the surface of the aluminum alloy before (a) and after (b) anodization.

(1)

Results and Discussion
The oxidation was performed for 30 min in the oxidizing solu-

tion at 0–6 °C with an oxidation current of 1.2 A. The thickness

of the resulting anodized film was maintained at 16–18 µm.

Film thickness tests were performed on the samples deposited

with Cu and SiO2 NPs, and no thickness growth could be

detected after the alternating electrodeposition. This is most

likely due to that both Cu and SiO2 were deposited into the

pores of the porous AAO film, and thus the film thickness was

consistent with the initial one. Figure 1a shows the microscopic

morphology of the bare aluminum alloy before anodization, and

a smooth surface of the aluminum alloy, without any big cracks,

can be seen. In contrast, after anodization, the aluminum alloy

becomes more porous, with a large number of holes on the

AAO film (Figure 1b), revealing that the anodization treatment

leads to the generation of a porous aluminum oxide film on the

surface of the aluminum alloy substrate. Considering the limited

size of the pores in the AAO film, the pore-enlarging treatment

is needed to facilitate the electrodeposition process.

From Figure 2a, pores in the AAO film can be clearly observed

for the sample S1, which also indicates that only one step of

electrodeposition of Cu NPs into the holes does not significant-

ly alter the structure and morphology of the AAO film. After

deposition of SiO2, the morphology is greatly changed for sam-

ple S2, and it is more difficult to notice the distribution of the

AAO film in Figure 2b. In addition to the Cu NPs deposited in

the pores of the AAO film, SiO2 NPs can also be observed

within the pores. The electrodeposition of an additional Cu

layer resulted in the sample S3 with reduced visibility of the

AAO film pores (Figure 2c). Most of the pores are filled after

the repeated electrodeposition, and the entire surface appears

even, without observable cracks. The SEM image of sample S4

is presented in Figure 2d, and the porous AAO film becomes

more densely packed with electrodeposition layers that are ho-

mogeneously distributed over the entire surface in a crack-free

way. It can be noted from Figure 2 that the electrodeposited

layers of Cu and SiO2 NPs were arranged in an ordered manner,

which might be the cause of the iridescence.

The colors of the various prepared samples are presented in

Figure 3, with the incident light perpendicular to the sample

surface. At the same angle of the incident light, the electrode-

posited films exhibit colors progressing from purple-red, light

brown, brown, purple, red and to brown-green with increasing

numbers of electrodeposition cycles. Upon the change of the

angle of the incident light from 0° to 30°, the rainbow effect

appears only for the sample S3, as shown in Supporting Infor-

mation File 1, Figure S1. The structural color changes from

light purple to dark purple with the variation of the incident

light angle from 0 to 30°.

From the elemental mapping images of the S1 sample shown in

Figure 4a, the sample includes the elements of Al, O, Cu and

Au. The appearance of Au is due to the sputtering of the sur-

face with Au (to enhance the electrical conductivity of the sam-

ple) before scanning. Cu can be seen as numerous particles at

the nanoscale homogeneously distributed over the entire sur-

face. In sample S2 (Figure 4b), Si can be observed all over the

sample surface, revealing the uniform deposition of SiO2. The

electrodeposited Cu and SiO2 are believed to be confined to the

pores of the AAO film. Similarly, the S3 and S4 samples also

exhibit a uniform distribution of Cu and SiO2 NPs.

In the UV–vis spectra (Figure 5), all samples exhibit a strong

absorption at 578 nm and a relatively weak absorption at
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Figure 2: a–d) SEM images of the prepared samples: S1 (a), S2 (b), S3 (c), and S4 (d).

Figure 3: Digital images showing the colors of the prepared samples
(from left to right: S1, S2, S3, and S4 ); the sample surface is perpen-
dicular to the incident light.

350 nm, which indicates the existence of the Cu NPs. The

UV–vis absorption of SiO2 is mainly in the ultraviolet and far

ultraviolet. The absorption at 350 nm is a result of plasmonic

resonance absorption from Cu, while the peak at 578 nm can be

assigned to Cu NPs. The absorption intensities at 350 and

578 nm gradually increase with the increase of the electrodepo-

sition times corresponding to the samples S1 to S3, but de-

crease again for sample S4.

To further validate the color difference of the samples, the chro-

matic difference was analyzed according to the spectrophoto-

metric colorimetry in the standard GB/T3979-2008, and the

values of L*, a*, and b* were estimated under incident light at

angles of 2° and 10°. The rainbow effect is useful for anti-coun-

terfeiting applications. The sample with the most obvious

rainbow effect, that is the largest chromatic difference, can be

regarded as optimal one. The values of L*, a*, b* and color

difference (E*) are presented in Table 2 and Table 3. Among

the prepared samples, sample S3 exhibits the largest value of E*

(1.9038). As also proven in Supporting Information File 1,

Figure S1, the change of the incident light angle from 0° to 30°

results in a noticeable color variation of sample S3. By contrast,

the color of the other sample samples is independent of the inci-

dent light angles.

The color results from interference in the film, and the thick-

ness of the film must not be too large if to produce a color

effect. This is because two waves of reflected light will be

generated at the top and the bottom surface of the irradiated

film. The occurrence of interference requires that the frequen-

cies of the two reflected light waves keep the same, with the

same vibrational direction. As a result, the film thickness should

be sufficiently low to ensure that the two reflected waves have
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Figure 4: Elemental mapping images of the prepared S1, S2, S3, and S4 samples (progressing from top to bottom); the leftmost images correspond
to the mapping images of full elements.

Figure 5: UV–vis–NIR absorption spectra of the various prepared
samples.

the same frequency and vibrational direction. When the thick-

ness of the film is too large, there is a big difference in the

optical path length, which is detrimental to the consistency of

the frequency and vibrational direction. This explains why sam-

ple S4 exhibits less interference than sample S3.

The relationship among the interference wavelength of the

multilayer film, and the refractive index, thickness and refrac-

tion angle of the double-layer film can be expressed by Equa-

tion 2, and the schematic diagram is presented in Supporting

Information File 1, Figure S2.

(2)

where n1 and n2 represent the refractive indexes of the film, θ1

and θ2 are the refraction angles, and d1 and d2 are the film

thicknesses [29-31].
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Table 2: L*, a*, and b* values under different incident light angles.a

sample code incident light at 2° incident light at 10°
L*1 a*1 b*1 L*2 a*2 b*2

S1 57.2714 −2.4112 4.2059 57.2272 −2.6253 4.5684
S2 49.1042 2.2042 4.5211 49.0606 1.3158 4.8799
S3 47.0084 5.2818 −0.4565 47.1218 3.4356 −0.0056
S4 59.5853 −2.4937 11.2013 59.3624 −2.2635 11.5646

aAll calculations were conducted in triplicate, with the uncertainties (u) of the above parameters calculated as the standard deviation, and the u values
of all of the above parameters were found to be within 6 × 10−4.

Table 3: Color difference (E*).

sample S1 S2 S3 S4

E* 0.4253 0.9591 1.9038 0.4844

Figure 6: XRD patterns of the various prepared samples.

At a given thickness, the larger the number of the layers is, the

larger is the difference in the refractive index, leading to

stronger interference. Theoretically, the highest interference can

be obtained when n1d1, n2d2, and λ/4 are equal to each other.

Progressing from S1 to S4, the color difference increases first

and then decreases again; the former is attributed to the multi-

layer interference that makes the rainbow effect increasingly

more obvious. In sample S4, the film thickness becomes too

large reducing any interference effects.

XRD patterns of the prepared samples are presented in Figure 6,

and all of the samples exhibit similar diffraction patterns with

peaks at 38.46°, 44.76°, 65.24°, and 68.31°, assigned to the

diffraction planes of Al(111), Al(200), Al(220), Al(311), re-

spectively. There is no diffraction that can be indexed to SiO2,

Figure 7: Electric polarization curve for the various prepared samples.

which might because it is present in the film as an amorphous

state. Also, no signal can be noted for Cu species, which is most

likely due to the low content of Cu that is below the detection

limit of the XRD equipment.

In the electrical polarization measurements, the self-corrosion

current, Icorr, and self-corrosion potential, Ecorr, are critical pa-

rameters to evaluate the corrosion resistance of materials, espe-

cially aluminum profiles (Figure 7 and Table 4). Generally, the

smaller the value of Icorr is, the higher is the hole-sealing

quality. Larger values of Ecorr can be an indication of higher

corrosion resistance. From the values of Icorr, the best hole-

sealing quality can be found in the sample S3, while the sample

S2 can be regarded as the optimal one as far as Ecorr is

concerned. Nevertheless, the quality evaluation based on the

values of Icorr is more widely employed, and therefore the

results obtained via electric polarization measurements demon-

strate that the sample S3 possesses the best quality in hole

sealing.

The sealed AAO film is mainly composed of porous and resis-

tant layers. A porous layer, an impedance layer, and an alumi-
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Table 4: Polarization parameters of the prepared samples.a

sample code polarization parameter
Ba (mV) Bc (mV) Icorr (A/cm2) Ecorr (V) Rcorr (Ω cm2)

S1 385.95 142.84 8.5422 × 10−8 −0.88067 0.0010047
S2 556.19 164.64 8.0341 × 10−8 −0.88038 0.00094498
S3 214.47 110.87 5.4434 × 10−8 −0.92124 0.00064026
S4 545.35 153.87 3.6714 × 10−7 −0.9837 0.0043183

aThe polarization parameters were calculated based on the Tafel fitting of the curves presented in Figure 7, with the u(Ba) < 0.05, u(Bc) < 0.04,
u(Icorr) < 8 × 10−12, u(Ecorr) < 2 × 10−4, and u(Rcorr) < 3 × 10−7.

num alloy substrate are present from top to bottom. While the

electrical impedance test was performed to evaluate the perfor-

mance of the porous layer of the AAO film, the low-frequency

region corresponds to the performance of the impedance layer

of the AAO film. During the electrical impedance measure-

ments, the scanning begins in the high-frequency region and

ends in the low-frequency region. From the Nyquist diagrams

(Figure 8 and Figure 9), it can be noted that the data points

remain roughly constant in the low-frequency region for all the

prepared samples, but the capacitive loop varies from sample to

sample. This reflects in an indirect way the different extents of

corrosion in the porous layers. The capacitive loops as gener-

ated by the impedance layer exhibit the same trend. This

demonstrates that the samples do not suffer from corrosion or

corrode only to a very little extent. The Nyquist and Bode

diagrams were fitted using the ZView software, and after a

careful adjustment, equivalent circuit diagrams were obtained

with the lowest fitting error (Supporting Information File 1,

Figure S3).

Figure 8: Nyquist diagram of the prepared samples.

As presented in Supporting Information File 1, Figure S3, the

symbol C represents the capacitance, and CPE is the constant

phase angle element that is used to refer to the electrical double-

Figure 9: The zoomed portion of the high-frequency region of the
Nyquist diagram for the various prepared samples.

layer capacitance deviating from an ideal capacitance. The ele-

ment with the capacitance C parallel to R1 designates the

porous layer of the AAO film, while the other element with

constant phase angle element parallel to R2 refers to the imped-

ance layer in the AAO film. R2 represents the interfacial resis-

tance of each blocking layer. The R2 values are presented for all

the prepared samples in Table 5.

The larger the value of CPE-P in the CPE is, the larger is the

deviation of the artificial circuit capacitance from the theoreti-

cal capacitance, and the blocking layer of the sample S4 is

closest to the theoretical capacitance among all the prepared

samples. According to the results obtained via the electrical po-

larization and electrochemical measurements, the sample S3

possesses the best anti-corrosion performance.

Conclusion
This paper has presented the preparation of a series of Cu–SiO2

NPs on a porous AAO film matrix by means of an alternating

electrodeposition. As evidenced by SEM, XRD, EDS mapping,

colorimetry, and electrochemical tests, both Cu and SiO2 NPs

are uniformly dispersed in the porous AAO film matrices, albeit
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Table 5: Parameters obtained for each artificial circuit.

Samplea Electrical impedance parameters
C1 R1 (Ω cm2) CPE1-T CPE1-P R2 (Ω cm2)

S1 1.8593 × 10−4 86302 2.3295 × 10−9 3.0000 0.8407 × 105

S2 4.4100 × 10−3 1.34700 × 10−3 2.2645 × 10−12 3.1870 1.1798 × 105

S3 7.1404 × 10−14 22.15 1.4296 × 10−5 0.6978 3.5171 × 105

S4 8.2153 × 10−7 54.38 4.8482 × 10−6 1.1470 5.1120 × 105

aSample S1: u(C1) = 3 × 10-8, u(R1) = 4, u(CPE1-T) = 2 × 10−13, u(CPE1-P) = 5 × 10−4, u(R2) = 60; Sample S2: u(C1) = 2 × 10−7, u(R1) = 9 × 10−8,
u(CPE1-T) = 4 × 10−16, u(CPE1-P) = 3 × 10−4, u(R2) = 50; Sample S3: u(C1) = 5 × 10−18, u(R1) = 0.02, u(CPE1-T) = 7 × 10−9, u(CPE1-P) = 6 × 10−4,
u(R2) = 50; Sample S4: u(C1) = 3 × 10−11, u(R1) = 0.04, u(CPE1-T) = 5 × 10−10, u(CPE1-P) = 2 × 10−4, u(R2) = 70.

with a low content. There is strong XRD peak indexed to Al,

but characteristic diffraction peaks assigned to Cu cannot be ob-

served in the XRD patterns of all the prepared samples,

revealing the low concentration of Cu NPs within the AAO film

matrix beyond the detection limit of the XRD equipment. Only

the sample S3 shows an obvious color change under different

angles of incident light, i.e., the dark purple color changes to

light purple when the incident light angle is changed from 0° to

30°. The electrochemical impedance and polarization test

results reveal that the sample S3 exhibits the best anti-corrosion

performance due to the optimal electrodeposition processing,

yielding the highest quality of hole sealing in the porous AAO

film.

Supporting Information
Supporting Information File 1
Additional figures.
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Abstract
MnO2–CuO–Fe2O3/CNTs catalysts, as a low-dimensional material, were fabricated by a mild redox strategy and used in denitra-

tion reactions. A formation mechanism of the catalysts was proposed. NO conversions of 4% MnO2–CuO–Fe2O3/CNTs catalyst of

43.1–87.9% at 80–180 °C were achieved, which was ascribed to the generation of amorphous MnO2, CuO and Fe2O3, and a high

surface-oxygen (Os) content.

848

Introduction
Nitrogen oxides, NOx (x = 1, 2), contribute to acid rain, photo-

chemical smog, greenhouse effect and ozone depletion [1-3].

The selective catalytic reduction of NO with NH3 (SCR), as a

commercialized NOx abatement technology, has received a

great deal of attention [4,5]. However, the catalyst of the SCR

reaction, V2O5+WO3(MoO3)/TiO2, has some drawbacks, such

as the toxic V-based material and the high operating tempera-

ture window (300–400 °C) [6-8]. Additionally, this kind of

catalyst is easily influenced by ash and SO2, which makes it

necessary to be installed downstream of electrostatic precipi-

tator and desulfurizer, where the flue gas temperature is

normally below 200 °C [9]. Therefore, it is of importance to

develop a SCR catalyst with high catalytic activity below

200 °C.

Carbon nanotubes (CNTs), a low-dimensional material, exhibit

a one-dimensional tubular structure and outstanding chemical

and physical properties. Hence, they are extensively studied for

the application in SCR, e.g., in MnOx/CNTs [10], Mn–CeOx/

CNTs [11] and CuOx/carbonaceous-materials catalysts [12].

However, the working temperature window of these SCR cata-

lysts is still between 200 and 300 °C.

https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:zyb481428@hncj.edu.cn
mailto:zhaohaipeng@hncj.edu.cn
https://doi.org/10.3762%2Fbjnano.10.85
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Figure 1: NO conversion as a function of the temperature over CNT-
based catalysts. Reaction conditions: [NO] = [NH3] = 400 ppm,
[O2] = 5%, N2 as balance gas, WHSV=280 L·gcat

−1·h−1, 0.15 g cata-
lyst.

A series of Cu-based [12,13] and (Mn + Fe)-based [14,15] cata-

lysts have been applied in the SCR reaction and presented

good catalytic activity. Nevertheless, the preparation

procedures of the catalysts always need high-temperature calci-

nation or high-pressure hydrothermal reactions, which are

uneconomic and unsafe. Our previous studies, including

M n O 2 – F e 2 O 3 – C e O 2 – C e 2 O 3 / C N T s  [ 1 6 ]  a n d

Ce2O3–CeO2–CuO–MnO2/CNTs [17] catalysts, have reported a

simple and mild redox method for the preparation of ternary and

quaternary catalysts, and the resultant catalysts show outstand-

ing denitration activity at 80–180 °C. The mechanisms of above

preparation method are redox reactions between MnO4
− (from

KMnO4) and Cl− (from FeCl3 and CeCl3), or Mn7+ and O2−

(from KMnO4) as well as MnO4
− (from the KMnO4) and Cl−

(from CeCl3). The generation of Cl− anions in the preparation

process can result in corrosion of the equipment. On the basis of

the above issues, a redox method with the formation of HNO3

between Mn7+ and O2− (only from KMnO4) was developed,

and the passivation through HNO3 can protect the metal equip-

ment. This redox method yielded MnO2–CuO–Fe2O3/CNTs

catalysts, and the as-synthesized catalysts were applied in the

SCR reaction at 80–180 °C.

Results and Discussion
Catalytic activity
Figure 1 shows the NO conversion as a function of temperature

for the CNT-based catalysts. As shown in Figure 1, the NO

conversion of MnO2–CuO–Fe2O3/CNTs prepared by the mild

method was better than that of Mn–Cu–FeOx/CNTs-IWIM

fabricated through incipient wetness impregnation, except for

the 1% MnO2–CuO–Fe2O3/CNTs, and reached 69.9–87.9%

between 140 to 180 °C. The SCR activity over 4%

MnO2–CuO–Fe2O3/CNTs reached maximum values of

43.1–87.9% at 80–180 °C at a weight hourly space velocity of

280 L·gcat
−1·h−1.

X-ray diffraction measurements
Figure 2 shows the XRD patterns of the acid-treated CNTs and

the as-synthesized catalysts. All samples present the character-

istic diffraction peaks at 26.3°, 42.6° and 53.7°, corresponding

to the (002), (100), and (004) planes of graphite, respectively

[18]. For MnO2–CuO–Fe2O3/CNTs, only a weak peak of MnO2

(PDF#53-0633) can be observed when the loading was greater

than or equal to 4%, whereas no diffraction peaks of metal

oxides could be found, suggesting the formation of amorphous

metal oxide phases. Amorphous catalytic materials are

conducive to SCR activity [19], which is also shown in the

results of NO conversion (Figure 1) and our previous studies

[6,16,17]. In the case of Mn–Cu–FeOx/CNTs-IWIM, a series of

peaks corresponding to Mn3O4 (PDF#18-0803) can be seen.

Metal oxide catalysts with higher crystallinity show a smaller

catalytic activity [20]. This is corroborated by the results of NO

conversion. Besides, the intensities of the graphite peaks

declines with increased loading, which is due to the interaction

between the metal oxide catalysts and CNTs [21-25].

Figure 2: XRD patterns of the acid-treated CNTs and the as-synthe-
sized catalysts: (a) acid-treated CNTs, (b) 1% MnO2–CuO–Fe2O3/
CNTs, (c) 2% MnO2–CuO–Fe2O3/CNTs, (d) 4% MnO2–CuO–Fe2O3/
CNTs, (e) 6% MnO2–CuO–Fe2O3/CNTs, and (f) Mn–Cu–FeOx/CNTs-
IWIM.

Transmission electron microscopy and
energy dispersive X-ray spectrometry
The morphologies of the acid-treated CNTs and the catalysts

were investigated by TEM and HRTEM (Figure 3). The acid-
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Figure 3: TEM and HRTEM images, as well as EDX spectrum of CNT-
based samples: (a) CNTs, (b–d) 4% MnO2–CuO–Fe2O3/CNTs.

treated CNTs have a smooth external surface (Figure 3a) that

becomes coarse after being loaded with active metal oxide

(Figure 3b). Additionally, the HRTEM images show the pres-

ence of catalysts nanoflakes, also verifying the generation of

metal oxide catalysts on the CNT surface. The EDX spectrum

(Figure 3d) shows signals of Mn, Cu, Fe, O and C. Clear lattice

fringes of the metal oxides cannot be observed in the HRTEM

images, indicating the generation of amorphous materials,

which is consistent with the results of XRD (Figure 2).

X-ray photoelectron spectroscopy
The XPS spectra of the as-prepared catalysts are given in

Figure 4. The elements Mn, Cu, Fe, C, and O were detected in

the XPS full-scan spectrum of Figure 4A. For the Mn 2p spec-

trum of 4% MnO2–CuO–Fe2O3/CNTs (Figure 4B), the binding

energies at 654.2 and 642.4 eV, attributed to Mn 2p1/2 and Mn

2p3/2, respectively, can be observed. These values together with

the energy separation of 11.8 eV demonstrate the formation of

MnO2 [26]. The high oxidation state of MnO2 is advantageous

to the SCR reaction [27], which is in accordance with the results

of XRD and NO conversion measurements. The binding ener-

gies of Cu 2p1/2 and Cu 2p3/2 of the 4% MnO2–CuO–Fe2O3/

CNTs catalyst (Figure 4C) are located at 954.3 and 934.4 eV,

respectively, along with satellites at higher energies, indicating

the formation of CuO [28]. The energy separation between Cu

2p1/2 and Cu 2p3/2 is 19.9 eV, also demonstrating the genera-

tion of CuO [29]. The Auger spectrum of Cu (Figure 4D)

presents a peak at 917.2 eV, typical for CuO [30,31].

In the Fe 2p spectra of 4% MnO2–CuO–Fe2O3/CNTs and

Mn–Cu–FeOx/CNTs-IWIM (Figure 4E, spectrum a), the

Fe 2p1/2 and Fe 2p3/2 peaks at 724.7 and 711.2 eV, respectively,

can be attributed to Fe2O3 [32]. The energy separation of 13.5

eV is typical for Fe2O3 [33]. The two satellites at 732.7 and

718.4 eV also verify the formation of Fe2O3 [34]. In spectrum b

of Figure 4E, the binding energies of Fe 2p1/2 and Fe 2p3/2

(724.4 and 711.0 eV) of the Mn–Cu–FeOx/CNTs-IWIM

catalyst appear at lower energies than those of 4%

MnO2–CuO–Fe2O3/CNTs catalyst, revealing the formation of

Fe3O4 [35]. Moreover, the absence of any satellites further

proved the presence of Fe3O4. It is noteworthy that Fe2O3 ex-

hibits a better low-temperature SCR activity than Fe3O4 [36],

which is corroborated by the NO conversion measurements.

The O 1s peak can be divided into three peaks (Figure 4F). The

peak at 529.9 eV is attributed to lattice oxygen (designated as

OL), while the binding energies at 530.5–534.0 eV are ascribed

to surface oxygen (labeled as OS). The OS content (Table S2,

Supporting Information File 1) of the 4% MnO2–CuO–Fe2O3/

CNTs catalyst is 66.7%, whereas it is 36.8% in Mn–Cu–FeOx/

CNTs-IWIM catalyst. OS has a higher mobility than OL, which

is in favor of the oxidation of NO to NO2, accelerating the SCR

reaction [37]. This was also confirmed by the results of NO

conversion and of previous studies [6,16,17].

Scanning transmission electron microscopy
STEM and element mapping were adopted to further investi-

gate the morphology of the catalyst. As shown in Figure 5a,

bright dots associated to the metal elements can be found, indi-

cating the formation of metal oxide catalysts on CNTs. The

STEM-EDX mappings (Figure 5b–g) exhibit a series of

columnar element-distribution images, further proving that the

metal oxide catalysts have been successfully loaded on the

CNTs.

Hydrogen temperature-programmed
reduction analysis
In SCR reaction, the redox performance of the catalyst plays a

significant role in the catalytic cycle. Therefore, the reducibility

of the as-obtained catalysts was evaluated by using hydrogen

temperature-programmed reduction (H2-TPR). The results are

listed in Figure 6. The catalysts exhibits three reduction peaks.

For 4% MnO2–CuO–Fe2O3/CNTs catalyst (Figure 6a), the

peaks at 150–300 °C (centered at 249 °C) are overlapping

reduction peaks of MnO → Mn2O3 [26] and CuO → Cu2O

[12,38,39]. The reduction peaks between 300–380 °C are

overlapping peaks of Mn2O3 → Mn3O4 → MnO [26] and

Cu2O → Cu [12]. Moreover, a reduction peak could be found at

580 °C, which is attributed to the oxygen groups on the CNT

surface. For the Mn–Cu–FeOx /CNTs-IWIM catalyst
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Figure 4: XPS results of the as-prepared catalysts: (A) XPS full-scan spectrum, (B) Mn 2p, (C) Cu 2p, and (D) Cu Auger spectra
of 4% MnO2–CuO–Fe2O3/CNTs; (E) Fe 2p and (F) O 1s spectra for (a) 4% MnO2–CuO–Fe2O3/CNTs and (b) Mn–Cu–FeOx/CNTs-IWIM.

Figure 5: (a) STEM images and (b–g) element mappings of 4% MnO2–CuO–Fe2O3/CNTs.
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Figure 8: Cyclic and long-term stabilities of 4% MnO2–CuO–Fe2O3/CNTs catalyst.

Figure 6: H2-TPR curves of two catalysts: (a) 4% MnO2–CuO–Fe2O3 /
CNTs and (b) Mn–Cu–FeOx/CNTs-IWIM.

(Figure 6b), the centers of the first and second reduction

peaks (257 and 454 °C) were all at higher temperatures than

those of 4% MnO2–CuO–Fe2O3/CNTs catalyst. This means that

the reducibility is lower compared with that of 4%

MnO2–CuO–Fe2O3/CNTs.

Ammonia temperature-programmed
desorption analysis
The chemisorption and activation of NH3 on the surface acid

sites of a catalyst are generally viewed as the primary processes

in the SCR of NO. Therefore, ammonia temperature-

programmed desorption (NH3-TPD) measurements were carried

out and the results are shown in Figure 7. The two catalysts

presents three desorption peaks of NH3 corresponding to weak,

intermediate and strong acid sites. For 4% MnO2–CuO–Fe2O3/

CNTs catalyst, the centers of the three desorption peaks of NH3

are located at 165, 267 and 391 °C. These values are higher than

Figure 7: NH3-TPD curves of 4% MnO2–CuO–Fe2O3/CNTs and
Mn–Cu–FeOx/CNTs-IWIM catalysts.

those of Mn–Cu–FeOx/CNTs-IWIM catalyst (158, 259 and

387 °C), which means that the acid sites are stronger in 4%

MnO2–CuO–Fe2O3/CNTs catalyst [11]. In addition, the num-

ber of Brønsted acid sites and Lewis acid sites at low and high

temperature of the 4% MnO2–CuO–Fe2O3/CNTs catalyst is

higher than that of the MnO2–CuO–Fe2O3/CNTs catalyst [40].

In general, stronger acid sites and a higher number of acid sites

are advantageous to the SCR reaction [41], which is corrobo-

rated by the results of the NO conversion.

Cyclic and long-term stability of catalysts
In practical applications, the cyclic and long-term stability of a

catalyst are crucial factors. The cyclic and long-term stability of

the optimal 4% MnO2–CuO–Fe2O3/CNTs catalyst are listed in

Figure 8. Figure 8A shows that the catalytic activity of 4%

MnO2–CuO–Fe2O3/CNTs in run 2 and run 3 reaches

44.5–88.4% at 80–180 °C, which is similar with to the catalytic
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Table 1: Catalytic performance of three catalysts.

catalyst NO conversion at 80–180 °C and 180 °C (%) weight hourly space velocity
(L·gcat

−1·h−1)

4% MnO2–CuO–Fe2O3/CNTs 43.1–87.9 87.9 280
6% Ce2O3–CeO2–CuO–MnO2/CNTs [17] 66.0–85.0 85.0 280
4% MnO2–Fe2O3–CeO2–Ce2O3/CNT [16] 52.8–99.4 99.4 210

act iv i ty  of  4% MnO2–CuO–Fe2O3 /CNTs in  run 1

(43.1–87.9%), suggesting an excellent cyclic stability of the

catalyst. Figure 8B shows that the catalytic activity of

4% MnO2–CuO–Fe2O3/CNTs exhibits no obvious changes and

reaches up to 87.9% at 180 °C during a test of 6 h, revealing the

outstanding long-term stability. In view of the above favorable

properties, the 4% MnO2–CuO–Fe2O3/CNTs catalyst will be

potentially applicable in the low-temperature NO reduction with

NH3.

Comparison of the catalytic performance of
three catalysts
Table 1 shows three catalysts with excellent performance

in the low-temperature NO reduction with NH3 ,  but

the chemical reactions during preparation are different.

The  6% Ce 2 O 3 –CeO 2 –CuO–MnO 2 /CNTs  and  4%

MnO2–Fe2O3–CeO2–Ce2O3/CNT catalysts present outstanding

denitration efficiency values over the test temperature range,

but Cl− anions are formed in the preparation process, which

might lead to a corrosion of metal equipment. The 4%

MnO2–CuO–Fe2O3/CNTs catalyst reaches NO conversions of

43.1–87.9% at 80–180 °C, which is similar to two catalysts in

our previous papers. Moreover, HNO3 is formed in the prepara-

tion process, which leads to an inactivation of the metal equip-

ment.

The generation mechanism for the
MnO2–CuO–Fe2O3/CNTs catalyst
A  r e a c t i o n  m e c h a n i s m  o f  t h e  s y n t h e s i s  o f  t h e

MnO2–CuO–Fe2O3/CNTs catalystis proposed. Based on the

results of XRD and XPS, active components of MnO2, CuO,

and Fe2O3 are formed. The following formation mechanism

was inferred: Cu2+ and Fe3+ ions are first adsorbed on the sur-

face of acid-treated CNTs via electrostatic interaction. Then the

Cu(NO3)2 and Fe(NO3)3 are partly hydrolyzed in situ into

Cu(OH)2, Fe(OH)3, and HNO3 on the CNTs. Afterwards,

MnO2 is formed through the reaction between KMnO4

and HNO3, and the hydrolysis process is accelerated.

MnO2–Cu(OH)2–Fe(OH)3/CNTs samples are obtained, and the

MnO2–CuO2–Fe2O3/CNTs catalysts are prepared through ther-

mal dehydration of the MnO2–Cu(OH)2–Fe(OH)3/CNTs sam-

ples [42,43]. The detailed reaction equations are:

(1)

(2)

(3)

Conclusion
MnO2–CuO–Fe2O3/CNTs catalysts were synthesized via a mild

preparation method. The 4% MnO2–CuO–Fe2O3/CNTs cata-

lyst showed the optimum low-temperature catalytic activity

at 80–180 °C with a weight hourly space velocity of

280 L·gcat
−1·h−1, benefitting from its amorphous metal oxide

catalysts as well as high surface-oxygen content. The mild prep-

aration conditions of the MnO2–CuO–Fe2O3/CNTs catalyst, can

also provide a promising application in other catalytic fields.

Experimental
Materials
The raw CNTs (multi-wall) of 60–100 nm in diameter were pur-

chased from Shenzhen Nanoport Company (China). KMnO4

(AR), Cu(NO3)2·3H2O (AR), Fe(NO3)·9H2O (AR) and ethanol

(AR) were purchased from Shanghai Chemical Reagent Ltd. All

chemical were used without further purification. Deionized

water with a resistivity above 18.0 MΩ·cm was obtained from a

JL-RO100 Millipore-Q Plus.
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Modification of CNTs and the synthesis of
MnO2–CuO–Fe2O3/CNTs catalysts
The raw CNTs were first treated with HNO3 (65–68%) for 4 h

at 140 °C, and then washed with deionized water and ethanol

until pH 7. Finally, the solid product was dried at 70 °C for 12 h

and grinded in an agate mortar.

First, acid-treated CNTs, Cu(NO3)2·3H2O, and Fe(NO3)·9H2O

were dispersed in 40 mL deionized water under stirring for

12 h. Afterward, 40 mL of KMnO4 solution was added under

continuous stirring at room temperature for another 12 h. Subse-

quently, the solid product was obtained by filtration, and

washed with deionized water and ethanol until pH 7. Finally,

the product was dried at 105 °C in air for 10 h. The as-prepared

catalyst is denoted as y MnO2–CuO–Fe2O3/CNTs, where y

represents the molar ratio of [KMnO4 + Cu(NO3)2 +

Fe(NO3)3]/CNTs. For further details see [17]. The detailed

molar ratios of precursors of 4% MnO2–CuO–Fe2O3/CNTs

catalyst were obtained as follows: A molar ratio of

16 KMnO4:4Fe(NO3)3:2Cu(NO3)2 is obtained from Equations

1–3, and the molar ratio of [KMnO4 + Cu(NO3)2 + Fe(NO3)3]/

CNTs = 4%. The mass of CNTs is 0.3 g (0.025 mol). The total

amount of substance is then [KMnO4 + Cu(NO3)2 + Fe(NO3)3]

= 4% × 0.025 mol = 0.001 mol. The amount of substance of

KMnO4, Cu(NO3)2, and Fe(NO3)3 is 0.0007273 mol KMnO4,

0.0000909 mol Cu(NO3)2, and 0.0001818 mol Fe(NO3)3. For a

comparative experiment, incipient wetness impregnation

[44,45], as a common preparation method of catalysts, was

applied to fabricate the Mn–Cu–FeOx/CNTs-IWIM catalyst

with an optimal load of 4%.

Characterization techniques
X-ray diffraction (XRD) was measured with an X'Pert Pro MPD

X-ray diffractometer using Cu Kα radiation (λ = 0.15406 nm)

with a 2θ range from 5° to 80°. Transmission electron micros-

copy (TEM) was performed on a JEOL model JEM 2010 EX

instrument. Temperature-programmed reduction by H2 (H2-

TPR) was assessed by using a custom-built TCD apparatus.

Before the H2-TPR test, 50 mg catalyst was firstly purged in N2

at 200 °C for 1.5 h. The test was carried out in N2 (containing

6% H2) with a heating rate of 10 °C/min. X-ray photoelectron

spectroscopy (XPS) was carried on a Thermo Scientific

ESCALAB 250 spectrometer equipped with a dual Al/Mg

anode (0.6 eV resolution).

Catalytic activity
The SCR activity tests were carried out in a fixed-bed quartz

reactor using 0.15 g catalyst in each test. The reaction gas con-

sisted of [O2] = 5%, [NO] = [NH3] = 400 ppm, balanced by N2

gas. The total flow rate was 700 mL/min equivalent to a weight

hourly space velocity (WHSV) of 280 L·gcat
−1·h–1. A flue-gas

analyzer (Kane International Limited, KM950) equipped with

the NO, NO2, SO2, and O2 sensors was used to monitor the gas

concentration. All data were recorded after 30 min till the cata-

lytic reaction reached a steady state.

Supporting Information
Supporting Information File 1
Additional experimental data.

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

supplementary/2190-4286-10-85-S1.pdf]
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Abstract
Much attention has been paid to the synthesis of low-dimensional materials from small units such as functional molecules. Bottom-
up approaches to create new low-dimensional materials with various functional units can be realized with the emerging concept of
nanoarchitectonics. In this review article, we overview recent research progresses on materials nanoarchitectonics at two-dimen-
sional liquid interfaces, which are dimensionally restricted media with some freedoms of molecular motion. Specific characteristics
of molecular interactions and functions at liquid interfaces are briefly explained in the first parts. The following sections overview
several topics on materials nanoarchitectonics at liquid interfaces, such as the preparation of two-dimensional metal-organic frame-
works and covalent organic frameworks, and the fabrication of low-dimensional and specifically structured nanocarbons and their
assemblies at liquid–liquid interfaces. Finally, interfacial nanoarchitectonics of biomaterials including the regulation of orientation
and differentiation of living cells are explained. In the recent examples described in this review, various materials such as molecu-
lar machines, molecular receptors, block-copolymer, DNA origami, nanocarbon, phages, and stem cells were assembled at liquid
interfaces by using various useful techniques. This review overviews techniques such as conventional Langmuir–Blodgett method,
vortex Langmuir–Blodgett method, liquid–liquid interfacial precipitation, instructed assembly, and layer-by-layer assembly to give
low-dimensional materials including nanowires, nanowhiskers, nanosheets, cubic objects, molecular patterns, supramolecular poly-
mers, metal-organic frameworks and covalent organic frameworks. The nanoarchitecture materials can be used for various applica-
tions such as molecular recognition, sensors, photodetectors, supercapacitors, supramolecular differentiation, enzyme reactors, cell
differentiation control, and hemodialysis.
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Figure 1: Various low-dimensional materials (zero-dimensional, one-dimensional, and two-dimensional materials) with morphology examples.

Review
1 Introduction: nanoarchitectonics for
low-dimensional materials
To realize a sustainable society, there are many challenges to
overcome in the next 30 years: fulfilling the needs regarding
energy consumption, reducing unnecessary emissions, pro-
tecting the environment, and maximizing the efficiency of pro-
cesses [1]. Various molecular technologies including chemical
syntheses [2-6], ultrafine fabrications [7-11], physical analyses
[12-16], materials productions [17-24], energy and environ-
mental improvements [25-31], and biotechnological and bio-
medical developments [32-37] have been explored to achieve
these objectives. One of the common key concepts for all these
developments is regulating functional molecular systems with
high spatial precision, which can often induce the efficient pro-
duction, transmission, and conversion of materials, energies,
and information [38]. In those examples, anisotropies in
spatially defined materials or systems trigger directional and
efficient flows of signals and energies. Despite many reported
examples to create highly sophisticated molecular systems,
there is still only a limited number of examples in which func-
tional molecular systems are oriented or spatially confined in
the bulk [39]. From these viewpoints, functional materials with
low-dimensionality become a relevant part of these technolo-
gies.

Low-dimensional materials have been extensively explored
because they often exhibit unique and superior properties due to
quantum effects and anisotropic effects [40-44] (Figure 1). Syn-
thetic methodologies to yield nanoparticles and zero-dimen-
sional materials have been developed using conventional chem-
ical methods and/or physical perturbations such as microwave

and plasma irradiation [45-51]. Carbon nanotubes, representa-
tive one-dimensional objects, were produced using catalysts as
well [52-55]. Recently, two-dimensional materials such as
graphene and MoS2 nanosheets attracted the interests of
researchers because of their superior electric/electrochemical
properties that make them suitable for energy and electrochemi-
cal applications [56-60]. The works include the use of two-
dimensional metal oxide nanosheets for artificial photosyn-
thesis systems, i.e., photocatalytic water splitting and fixation of
carbon dioxide, which were recently reviewed by Maeda and
Mallouk [61].

Despite these many intriguing demonstrations of two-dimen-
sional materials, most of the examples reported so far utilize
two-dimensional sheet materials synthesized in a top-down
manner, and there is only a limited number of examples using
bottom-up approaches [62]. In bottom-up approaches low-
dimensional materials are constructed from small precursors
such as functional molecules in order to obtain novel low-
dimensional materials with various functional units [63-68].
The essential processes within these bottom-up approaches are
self-assembly and self-organization based on supramolecular
chemistry [69]. These supramolecular mechanisms can be
widely observed in various species including small molecules,
nanomaterials, and biomolecules [70-75]. Despite this gener-
ality, there are still many nontrivial fundamental challenges,
which are actively studied using the quantitative analysis of
self-assembly processes proposed by Hiraoka [76] and the
temporal control of supramolecular polymerization by Dhiman
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and George [77]. Shimizu summarized various parameters regu-
lating the self-assembly of lipid molecules for producing struc-
turally well-regulated one-dimensional nanotubes [78]. Self-
assembled and polymerized materials are often used in sensing
devices utilizing molecular imprinting mechanisms [79]. Two-
dimensional films made of assemblies of ion-recognizing
macrocyclic host molecules, ion-exchangers, and indicative
dyes were incorporated in an optode system detecting caesium
ions in tap water and seawater [80]. Photo-controllable molecu-
lar devices were successfully fabricated using two-dimensional
self-assembled monolayer technology as recently reviewed by
Suda [81].

Hierarchic functional systems fabricated with low-dimensional
materials are actively investigated. For example, Lvov and
co-workers reported the immobilization of small functional ma-
terials such as metal clusters and metal catalysts within one-
dimensional halloysite clay nanotubes to make them work
under appropriate protection from external disturbances [82-
84]. Zhong and Xu summarized, in their recent review, the
preparation of metal nanoparticles for hydrogen generation
from liquid chemical hydrides [85]. In their review, the usage of
effective catalysts within low-dimensional cages of metal-
organic frameworks was reported. Jayavel, Shrestha, and
co-workers demonstrated the enhanced performance of electro-
chemical supercapacitors using composites of cobalt oxide
nanoparticles and reduced graphene oxide, which are zero-
dimensional and two-dimensional nanomaterials, respectively
[86]. Leong and co-workers reported a sophisticated strategy to
realize chemotherapy targeting at cancer cells using the con-
trolled assembly and disassembly of layer-by-layer hybrid
structures made of two dimensional MoS2 nanosheets with
DNA [87].

The preparation of functional low-dimensional materials
requires preservation of nanoscale features in their construction
processes. This characteristic is also important in the emerging
concept of nanoarchitectonics, which was initiated by
Masakazu Aono in 2000 [88-91]. This concept is even regarded
as the next step of nanotechnology combining various research
disciplines such as organic synthesis, physical materials
control, supramolecular chemistry, and biology [92-94]. In this
concept, materials and systems can be engineered through
the manipulation of atoms and molecules, self-assembly
and self-organization, and field-controlled organization
(Figure 2). Unlike the well-established microfabrication
and other techniques at microscopic and macroscopic levels,
the nanoarchitectonics procedures have to take into account
several uncertainties such as thermal fluctuations, quantum
effects, and uncontrolled mutual interactions at the nanoscale
[95,96].

Figure 2: Outline of nanoarchitectonics strategies to obtain structures
and functions through the manipulation of atoms and molecules, self-
assembly and self-organization, and field-controlled organization.

Because of its general applicability, research approaches with
the nanoarchitectonics concept are now seen in many recent
publications in various fields including materials production
[97,98], structural fabrication [99-108], sensing [109-112],
energy applications [113-117], environmental protection
[118,119], catalysts [120,121], biology [122-124], and biomedi-
cal applications [125,126]. For example, the following recent
research works on low-dimensional materials have been carried
out using the nanoarchitectonics concept: Hasegawa and
co-workers used atom-manipulation nanoarchitectonics (con-
trolled single atom/ion transfer) to regulate the number of
dopant atoms in one-dimensional solid electrolyte nanodots
(α-Ag2+δS) [127]. The nanoarchitectonic construction of one-
dimensional nanowires from II–VI semiconductors was demon-
strated for the use as wavelength division multiplexer as re-
ported by Yan, Zhao and co-workers [128]. Other one-dimen-
sional functional structures such as porphyrin-functionalized
DNA (by Stulz [129]), DNA-based complex structures for ultra-
sensitive mercury detection (by Govindaraju and co-workers
[130]), self-assembled chiral twisted and helical nanofibers (by
Liu and co-workers [131]), and supramolecular assemblies with
short peptides and their bio-functions (by Yan and co-workers
[132]) have been investigated. As examples of research efforts
regarding two-dimensional nanoarchitectures, the enhanced
reduction of nitrogen oxides by facet-engineered two-dimen-
sional CuO petal assemblies (by Abe and co-workers [133]),
perovskite nanosheets and their layer-by-layer assemblies as
high-k dielectric/ferroelectric materials (by Osada and Sasaki
[134]), the manipulation of transition-metal dichalcogenides
nanosheets for the usage in energy storage/conversion applica-
tions (by Xu, Lee, and co-workers [135]) and substrate chan-
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nelling between enzymes with graphene oxide nanosheets (by
Yang and co-workers [136]) can be mentioned.

The nanoarchitectonics bottom-up approaches preserving the
nanostructural properties are highly useful for the fabrication of
low-dimensional materials and the subsequent construction of
functional structures from low-dimensional materials. Espe-
cially, nanoarchitectonics fabrication in motional restricted and
dimensionally confined media would be beneficial for the pro-
duction of low-dimensional materials. Therefore, in this review
article, we overview recent research progresses on materials
nanoarchitectonics at two-dimensional liquid interfaces, which
are dimensionally restricted media with certain degrees of
motional freedom [137,138]. In the next section, specific fea-
tures of molecular interactions and functions at liquid inter-
faces, as well as two-dimensional molecular patterning, are
briefly explained. In the following sections, several topics of
materials nanoarchitectonics at liquid interfaces such as the
preparation of two-dimensional metal-organic frameworks
(MOFs) and covalent organic frameworks (COFs), the fabrica-
tion of multi-dimensionally structured nanocarbons and their
assemblies, and the interfacial nanoarchitectonics of biomateri-
als are exemplified.

2 Unique features of liquid interfaces and
formation of two-dimensional patterns
2.1 Unique features of liquid interfaces
Gas–liquid interfaces and liquid–liquid interfaces are catego-
rized as interfacial environments with certain degrees of free-
dom of molecular mobility (dynamism). These interfaces with
liquids have several intrinsic features: (i) They are environ-
ments of two different phases; (ii) they exhibit a discontinuous
change of the dielectric constant; (iii) they are highly direc-
tional environments restricting molecular motion only in the
vertical direction. These features create several unique features
that are described in the following.

Interfaces are generally formed by two immiscible phases. In
many research examples utilizing liquid–liquid interfaces, the
immiscible liquids dissolve different species that can only come
into contact at the interface. At gas–liquid interfaces, insoluble
components remain only at the interface and interact with other
molecules (or materials) diffused from the underneath liquid
phase. These circumstances can induce the generation of low-
dimensional materials. In addition, physics and chemistry of
molecular interactions at liquid interfaces are significantly dif-
ferent from those observed in homogeneous solutions [139-
141].

Unique features of molecular interactions can be clearly ob-
served at the air–water interface [142-144]. Although molecu-

lar recognition via hydrogen bonding are quite difficult in a
highly polar aqueous media, the molecular recognition of sugars
[145,146], peptides [147-149], amino acids [150], nucleic acid
bases [151,152], and nucleotides [153,154] is accomplishable at
the air–water interface even though this recognition relies on
hydrogen bonding. Systematic studies on binding constants of a
fixed recognition pair, phosphate and guanidinium ions,
revealed a significant influence of the interfacial environment
on the interactions between the molecules embedded at various
interfaces (Figure 3) [155]. The binding constant between phos-
phate and guanidinium ions dispersed in water was reported as
1.4 M−1 [156]. Altering the recognition media to rather disorga-
nized mesoscopic interfaces drastically increases the binding
constants. The binding constants of phosphate derivatives to the
surfaces of guanidinium-functionalized aqueous micelles and
lipid bilayers reaches values of 102 to 104 M−1. Surprisingly,
the binding constant of the same recognition pair further in-
creases to 106 to 107 M−1 when a macroscopic less dynamic
interface, the air–water interface, is used as the recognition me-
dium [157,158]. Similarly, strongly enhanced binding con-
stants were commonly observed at the air–water interface for
various recognition pairs.

Figure 3: Systematic studies on binding constants for phosphate and
guanidinium in different aqueous environments: 1.4 M−1 dispersed in
water; 102 to 104 M−1 at disorganized mesoscopic interfaces; 106 to
107 M−1 at the macroscopic air–water interface. Adapted with permis-
sion from [144], copyright 2019 American Chemical Society.

Mechanisms enhancing the molecular interaction at the
air–water interface were investigated through quantum chemi-
cal approaches [159-161]. As simply illustrated in Figure 4,
simplified recognition-pair structures of phosphate and guani-
dinium were placed at a model interface of two phases with dif-
ferent dielectric constants of 2 (lipid phase) and 80 (water
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Figure 4: A model for calculations of the binding constant between guanidinium and phosphate at the air–water interface where the pair structures of
phosphate and guanidinium are placed in a model of two phases with different dielectric constants of 2 (lipid phase) and 80 (water phase). The
binding energy and binding constant was calculated while changing distance between guanidinium and phosphate.

phase). By fixing the position of the guanidinium moiety at the
interface and changing the relative location of the phosphate
functional group, the recognition energy was monitored as a
function of the relative location. The most stable relative dis-
tance was estimated from the energy minimum in the energy
diagram, and the binding energies and binding constants were
calculated at those interfacial positions. A series of calculations
revealed that large binding constants can be obtained when the
binding site locates in the phase of the lower dielectric constant.
In contrast, when the binding site was located to be deep in the
phase of the higher dielectric constant, the binding constants
were calculated to decrease significantly. Interestingly, suffi-
ciently high binding constants were confirmed even when the
hydrogen bonding sites were exposed to the high-dielectric me-
dium at the very vicinity of the low-dielectric medium. These
simulations hint at the mechanism of enhanced molecular
recognition at these interfaces. The non-polar phase greatly con-
tributes to enhance molecular recognition.

These facts may answer the question of biological molecular
recognition in aqueous media, in which hydrogen bonding plays
an essential role in realizing those highly sophisticated systems
[162]. Molecular recognitions in biological systems occur
mostly at interfaces including cell membrane surfaces, inner
surfaces of receptor pockets in enzymes, and macromolecular
interfaces of DNA. We expect materials nanoarchitectonics
with features of enhanced molecular interactions to create low-
dimensional materials at interfaces of two phases with different
dielectric natures.

Another distinctive characteristic of liquid interfaces is the
anisotropic environment regarding molecular motion. Certain
degrees of motional freedom exist along the interfacial plane,
which can be deformed at the macroscopic level (compression,
expansion, and bending). In contrast, molecular motion is virtu-
ally inhibited in the vertical direction. Therefore, two signifi-
cantly different scales of motion, macroscopic lateral motion
and nanoscopic vertical motion, are connected at liquid inter-
faces [163-166]. For example, motion and function of molecu-
lar machines and molecular receptors in monolayers at the
air–water interface can be controlled by macroscopic lateral
motion such as mechanical compression and expansion of the
monolayers. Macroscopic mechanical deformation of the inter-
facial media at the scale of centimetres or metres can regulate
nanometre-scale conformational changes of the molecular
machines, for instance, to capture and release guest molecules
[167,168], to rotate of molecular rotors [169,170], to open and
close molecular pliers [171,172], or in indicator displacement
assays of glucose based on fluorescence resonance energy
transfer [173]. Subtle conformational changes of molecular re-
ceptors at the air–water interface results in a change of the
chiral selectivity towards aqueous amino acids [174,175], or of
the optimum guest structure from thymine to uracil derivatives
[176,177]. Regulation of molecular interaction at liquid inter-
faces yields a novel concept for the molecular tuning of func-
tions [178-180]. This is a new concept beyond the following
well-known important concepts: the 1st generation of molecu-
lar recognition at the most stable state (basics for supramolecu-
lar chemistry, Nobel prize in 1987 [181-183]); the 2nd genera-
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Figure 5: Formation of two-dimensional patterned structures using flavin adenine dinucleotide (FAD), which can bind site-specifically to two mono-
layer components, a guanidinium lipid or an orotate lipid, with the phosphate moieties and adenosine part, respectively. Adapted with permission from
[195], copyright 1997 American Chemical Society.

tion molecular controls based on external stimuli switching
[184-188] (basics for molecular machines, Nobel prize in 2016
[189-191]). The anisotropic dynamics at liquid interfaces de-
scribed above are expected to play a crucial role in the produc-
tion of low-dimensional materials and systems.

2.2 Two-dimensional molecular patterning and
production of low-dimensional materials
Enhanced molecular interaction and two-dimensionally
confined motion at liquid interfaces are advantageous for the
fabrication of two-dimensional patterned structures with high
structural precision [192,193]. In the case exemplified in
Figure 5, flavin adenine dinucleotide (FAD) was dissolved in an
aqueous subphase [194,195]. FAD can bind specifically to two
monolayer components, a guanidinium lipid or an orotate lipid.
These molecules bind site-specifically to the phosphate moieties
or the adenosine part, respectively. Lateral compression of the
complexed monolayer finally results in two-dimensional regular
molecular patterns. The difference between the molecular

lengths of the guanidinium/phosphate and orotate/adenosine
pairs yields regular dip patterns with sub-nanometre precision.
Similar methodologies, i.e., crystallinity controlled two-dimen-
sional patterns based on guanidinium/carboxylate molecular
recognition [196] and the two-dimensional assembly of one-
dimensional supramolecular polymers formed between alky-
lated melamine and aqueous barbiturate [197] have been also
accomplished.

Oishi and co-workers utilized the balance between two compet-
itive interactions, the phase separation of fluorocarbons and
hydrocarbons and the attractive interaction between guanid-
iuium and carboxylate, to fabricate nanoscopic domains within
a two-dimensional mixture of hydrocarbon guanidinium and
fluorocarbon carboxylic acid [198]. The domain sizes can be
tuned by altering the mixing ratio of the two components. In a
recent review article by Krafft and co-workers [199], the forma-
tion of surface nanodomains and their hierarchical organization
with higher complexity with semi-fluorinated alkanes and
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Figure 6: Formation of two-dimensional arrays of nanodisk-like assemblies via touching transfer of a monolayer of amphiphilic tri-n-dodecylmellitic
triimide with three alkyl chains as a monolayer component and 1,4,7,10-tetraazacyclododecane (cyclen) as a subphase template. Adapted from [75],
copyright 2019 The Authors.

related molecules (molecules consisting of two blocks, a fluoro-
carbon block and a hydrocarbon block, in a single chain) at the
air–water interface is discussed. They expect possible applica-
tions of these two-dimensional nanodomains in sensors, nano-
electronics and nanophotonics.

Pellerin, Bazuin, and co-workers investigated the mechanisms
of formation and transformation of zero-dimensional structures
within two-dimensional media (dot-dispersed monolayers of
block copolymers) [200]. Self-assembled monolayers of poly-
styrene-b-poly(4-vinylpyridine) and its supramolecular com-
plex with 3-n-pentadecylphenol at the air–water interface alter
their assembly patterns from hexagonal to squared upon
applying lateral pressure. The transition is caused by the entro-
pically driven molecular folding of the poly(4-vinylpyridine)
moieties, in which the polymer transforms from a two-dimen-
sional motif to a three-dimensional motif. The proposed mecha-
nism might be generalized for zero-dimensional dot-dispersed
monolayers of block-copolymers. Wen and co-workers re-
ported the drastic modification of two-dimensionally patterned
Langmuir–Blodgett (LB) films of polystyrene-b-poly(2-
vinylpyridine) transferred from the air–water interface through
acetone vapour annealing [201]. Complicated morphology
shifts such as swelling, coalescing of aggregates, bicontinuous
pattern formation, one-dimensional droplet formation, and the
periodic evolution of the droplets were observed.

Mori et al. reported the formation of two-dimensional arrays of
disk-shaped nano-assemblies at the air–water interface yielding
a monolayer that was successively transferred onto solid sur-
faces via the contacting method (Figure 6) [202]. Unlike two-
dimensional molecular patterning though molecular recogni-
tion, which has been described in the previous parts, a rather
ambiguous interaction between amphiphilic triimide with three
alkyl chains, a monolayer component, and 1,4,7,10-tetraaza-
cyclododecane (cyclen), a subphase template, was used to regu-
late the formation of hydrogen bonds between the imide func-
tional groups as hydrogen-bond acceptors and the secondary
amine moieties of cyclen as hydrogen-bond donors. The two-
dimensional quick dewetting process on a Langmuir–Schaefer-
type surface can induce a good dispersion of nanodisks. Al-
though the heights of nanodisks reported so far are within a
narrow range between 2.6 and 2.9 nm, their diameters can
widely range from 46 to 73 nm depending on their lateral sur-
face pressure at the air–water interface. The fabricated array
structures of nanodisks can be also transferred to metal sur-
faces such as platinum surfaces. The examples demonstrated
that the combination of rather ambiguous molecular interac-
tions and transfer processes can create precise patterns, which
are one of the main concept of nanoarchitectonics.

Small gelation molecules often form one-dimensional assem-
bled structures [203-207]. The inner structures of these one-
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Figure 7: Difference of one-dimensional assemblies of an oligo(p-
phenylenevinylene) derivative formed in different media: (top) entan-
gled fibre structures formed in toluene solution and drop-cast on a
solid surface; (bottom) aligned rods formed at the air–water interface.
Adapted from [75], copyright 2019 The Authors.

dimensional objects can be significantly altered through the sur-
rounding media such as organic solutions and the air–water
interface. Sakakibara et al. investigated the morphological
change of one-dimensional assemblies of oligo(p-phenylene-
vinylene) induced by different media (Figure 7) [208]. In entan-
gled fibre structures, formed in toluene solution and succes-
sively transferred on a solid surface by drop-casting, the long
axis of oligo(p-phenylenevinylene) molecules is arranged per-
pendicularly to the substrate. Intra-fiber energy transfer effi-
ciently occurs in the entangled nanofibers. Long-range excita-
tion energy transfers are advantageous for excitation energy
transfer. In contrast, the oligo(p-phenylenevinylene) molecular
units are oriented in parallel to the long axis of the aligned rods
that were formed at the air–water interface from its homoge-
neous solution in chloroform. The excitation preferences be-
tween inter- and intra-fiber can be altered by controlling the
arrangement of the aligned rods. In environments of closely
packed nanorods (when the inter-rod distance was less than

ca. 70 nm), enhanced excitation transfer was observed, indicat-
ing that fluorescence would be efficiently enhanced within
well-aligned nanorods prepared at the air–water interface.

Inorganic low-dimensional nanomaterials often exhibit interest-
ing properties [209-215]. Such materials can be also nano-engi-
neered at liquid interfaces. Niederberger and co-workers suc-
cessfully fabricated two-dimensionally aligned arrays of one-
dimensional W18O49 nanowires and used them for H2-sensing
at room temperature [216]. The diameters of the used nano-
wires are less than 2 nm and their aspect ratios exceed 100. The
synthesized nanowires are dispersible in organic solvents and
can be fabricated in large-area aligned arrays at the air–water
interface. The films were transferred onto Si/SiO2 substrates
patterned with platinum interdigitated electrodes. An excellent
sensor capability for H2 gas in humid air at room temperature
was observed for a film of 10 layers of the aligned one-dimen-
sional W18O49 nanowires. Various additional techniques to
fabricate two-dimensional structures have been proposed.
Advincula and co-workers demonstrated two-dimensional
co-patterned structures of carbazole-based conductive poly-
mers and gold by nanosphere lithography [217]. Huang and
co-workers proposed a high-yield LB method for nanoparticle
films through electrospray techniques to significantly reduce the
spreading of droplets and used a subphase-miscible solvent
[218]. The modified method may become a powerful method to
fabricate two-dimensional thin films of zero-dimensional nano-
particles at liquid interface.

The lateral degree of motional freedom of the liquid interfaces
can promote associations of molecules and materials for the
fabrication of two-dimensionally structures. As depicted in
Figure 8, Yonamine et al. successfully demonstrated the one-
dimensional supramolecular polymerization of DNA origami
pieces upon repeated mechanical compression and expansion of
the two-dimensional air–water interface [219]. The used DNA
origami pieces had a rectangle shape with 90 × 65 nm2, accord-
ing to theoretical calculations, and were complexed with
counter-cationic lipids to be soluble in organic solvents. The re-
sulting organic solution of the DNA origami pieces was then
spread on the air–water interface to form a Langmuir mono-
layer. Although the spread DNA origami pieces initially
remained in the monomer form, the repeated mechanical
compression and expansion of the Langmuir monolayer in-
duced the interconnection of the rectangle pieces into one-
dimensional polymer motifs. The origami–origami connections
were formed only at the shorter sides of the rectangle pieces
where dangling DNA chains remained. The enhanced capa-
bility of hydrogen-bond formation at the air–water interface
resulted in one-dimensional supramolecular polymers through
inter-piece connections at the specific sides. Interestingly,
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Figure 8: Formation of one-dimensional supramolecular polymeriza-
tion of DNA origami pieces upon repeated mechanical compressions
and expansions of two-dimensional air-water interface. An AFM image
was reprinted with permission from [144], copyright 2019 American
Chemical Society.

dynamic motion is indispensable for the formation of these
supramolecular polymers of DNA origami. A simple applica-
tion of high pressure is not enough to obtain supramolecular po-
lymerization of DNA origami pieces at the air–water interface.

3 Interfacial nanoarchitectonics for MOF and
COF
Interfaces are attractive platforms to synthesize two-dimen-
sional materials. The recent developments of synthetic two-
dimensional crystalline polymers (2DCPs), such as two-dimen-
sional metal-organic frameworks (MOFs) and two-dimensional
covalent organic frameworks (COFs), have unveiled their
intriguing chemistry and properties, and have shown their
potential for wide-ranging applications, such as electronics,
sensing, catalysis, separation, and energy storage and conver-
sion. However, most reported two-dimensional MOFs and
COFs have been synthesised as powders, which are not easily
processed into more useful forms due to their nature as cross-
linked polymers. Thus, their adaption for technological applica-
tions is still challenging. Recently, liquid interfaces have been
considered to be useful platforms to form thin 2DCP films, and
the number of examples showing interfacially grown 2DCP
films for potential applications is increasing [220].

The air–water interface is the most commonly used liquid inter-
face to grow 2DCP films. In 2002, Culp et al. reported a reac-
tion of a Langmuir monolayer of an amphiphilic pentacyanofer-
rate complex with Ni2+ ions from the subphase (Figure 9) [221].
This reaction resulted in the formation of a two-dimensional
iron–nickel cyanide-bridged network at the air–water interface.
A small amount of the amphiphilic pentacyanoferrate complex

Figure 9: Formation of a two-dimensional iron–nickel cyanide-bridged
network at the air–water interface through reaction of a Langmuir
monolayer of an amphiphilic pentacyanoferrate complex with Ni2+ ions
from the subphase.

monomer was spread from a chloroform solution to form a
monolayer in a LB trough, and was subsequently connected by
introducing an aqueous solution of nickel nitrate into the water
phase, yielding a monolayer sheet of the two-dimensional
nickel–iron cyanide grid network. Characterizations of the ex-
tended network by X-ray photoelectron spectroscopy (XPS),
FTIR spectroscopy, SQUID magnetometry, X-ray absorption
fine structure (XAFS), and grazing incidence synchrotron X-ray
diffraction (GIXD) revealed a face-centred square grid struc-
ture with an average domain size of 3600 Å2.

Makiura et al. employed a similar method to form multilayers
of an oriented porphyrin-based MOF film on top of substrates
by repeating transfer and washing of interfacially grown MOF
layers (Figure 10) [222]. Interestingly, the proposed structural
model incorporates metal-coordinated pyridine molecules
projected from the two-dimensional sheets that allow each
further layer to dock in a highly ordered interdigitated manner
in the growth of multilayer structures. Ni3(2,3,6,7,10,11-hexa-
iminotriphenylene)2, Ni3(HITP)2, is a conjugated MOF films of
which were prepared by interfacial polymerization at the
air–water interface. Wu et al. prepared a Ni3(HITP)2 MOF film
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Figure 10: Fabrication of a multilayer of oriented porphyrin-based MOF films by repeatingly transferring and washing interfacially grown MOF layers.

and incorporated the resulting film into field-effect transistor
(FET) devices, exhibiting p-type semiconductive behaviour,
distinguishable on/off ratios, and excellent field-effect hole
mobility values as high as 48.6 cm2·V−1·s−1 [223].

A COF film interfacially grown at a liquid–gas interface was
also incorporated into a FET device and examined. Feldblyum
et al. found an imine-linked COF film growing at the interface
of air and a N,N-dimethylformamide (DMF) solution of COF
precursors consisting of benzothiophene and triphenylamine
moieties [224]. The interfacially grown film was transferred
onto Si substrates in order to fabricate FET devices. The COF-
film FET device also exhibited p-type behaviour, an average
mobility of 3.0 10−6 cm2·V−1·s−1, and an on/off ratio of 850.
Imine-linked COF films were also fabricated with the common
interfacial polymerization method using LB troughs. Dai et al.
newly designed a trisubstituted amine monomer bearing three
n-hexyl groups [225]. These aliphatic chains are helpful to fix
the orientation of the amine monomer when deposited on an
air–water interface together with a dialdehyde monomer. The
monomers compressed with an LB trough were polymerized
with acetic acid as catalyst in the water phase.

Liquid–liquid interfaces are another class of interfaces used for
the interfacial polymerization of 2DCPs. Because of the rela-
tively dynamic nature of two liquids, the liquid–liquid inter-
faces are, in general, less well-defined than liquid-gas inter-
faces. Hence, the interfacial polymerizations tend to afford
thicker films [220]. π‑conjugated nickel bis(dithiolene) com-
plex nanosheets reported by Kambe and co-workers [226] were
one of the first representative examples for interfacially poly-
merized MOF films at the liquid–liquid interface. Two immis-
cible phases of water and dichloromethane spatially segregate
nickel acetate, a metal node precursor, from benzenehexathiol
(BHT, a coordinating linker) and confine the MOF formation to
the liquid interface. The interfacially grown BHT–Ni network
film of 1–2 µm thickness exhibited X-ray diffraction patterns
corresponding to a crystalline network structure.

Takada et al. adopted a similar technique to form elec-
trochromic bis(terpyridine)metal complex nanosheets
(Figure 11) [227]. The demonstrated network structures are
connected by the coordination of terpyridine moieties to either
cobalt or iron ions, and the synthesized films change their
colour depending on the oxidation levels of the cobalt and iron
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Figure 11: Electrochromic bis(terpyridine)metal complex MOF nanosheets formed through coordination of terpyridine moieties to either cobalt or iron
ions. The synthesized films change their colour depending on the oxidation levels of the cobalt and iron ions.

ions. The colours of those MOF films can be modulated through
electrochemical processes.

The interfacial formation of COFs at the liquid–liquid inter-
faces is more complicated because of the necessity of water-
soluble COF precursors. Sahabudeen et al. have overcome this
issue by using a hydrophilic dialdehyde monomer, 2,5-dihy-
droxyterephthalaldehyde (DHTPA) [228]. DHTPA was dis-
solved in water, and the resulted aqueous solution was layered
on top of a chloroform solution of a tetra-substituted amine
monomer containing porphyrin. The segregation of the mono-
mers confined the imine formation to the interface and yielded
wafer-size multilayer imine-linked COF films. The films grown
from the amine monomer containing cobalt porphyrin exhib-
ited catalytic activity for the electrochemical hydrogen genera-
tion from water. Dey et al. have dissolved one COF monomer

into the aqueous phase by forming amine salts (Figure 12)
[229]. Various multi-amino-substituted monomers were treated
with p-toluene sulfonic acid (PTSA) forming [amine-PTSA]
salts, and dissolved into aqueous phases. Each aqueous solution
was layered on a dichloromethane solution containing 1,3,5-
triformylphloroglucinol (Tp), an aldehyde-derivative COF
monomer, yielding large COF films of sub-100 nm thickness.
The prepared materials were capable of selective permeation.

In contrast to the two previous reports in which one of the COF
monomers was dissolved into the aqueous phase, Matsumoto et
al. confined the polymerization to the interface by segregating
the catalyst from the COF monomers (Figure 13) [230]. Scan-
dium triflate, one of the catalysts forming imine-linked COFs
[231] in the aqueous phase was isolated from both amine and
aldehyde COF monomers dissolved into an organic phase. The
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Figure 12: Aqueous solutions of multi-amino-substituted monomers with p-toluene sulfonic acid were layered on a dichloromethane solution contain-
ing 1,3,5-triformylphloroglucinol to yield large COF films of sub-100 nm thickness.

two phases in contact with each other induced the COF forma-
tion at the interface, forming large-area, continuous COF films
(several square centimetres). Depending on the monomer con-
centrations, the film thickness was tuned from 100 µm to a few
nanometres. The COF films made from the methods reported by
Dey et al. and Matsumoto et al. were separately examined as
separation membranes and exhibited high rejections of water
pollutant surrogates from water [229-231]. Considering the high
tuning capability of pore-size and functional groups decorating
the inner pores of COFs, the separation membranes made out of
COFs are promising for water purification technologies includ-
ing desalination [232].

Interfacial polymerization at liquid interfaces is an already
industrialized technique to produce conventional cross-linked
polymer films/membranes. Interfacial polymerization of 2DCP
films still remains in its infant stage in terms of controlling
crystallinity, domain sizes, and generalities. However, the de-
velopments on interfacial polymerization of 2DCPs at liquid
interfaces will be an important breakthrough for industrializing
2DCP materials.

4 Interfacial nanoarchitectonics for
nanocarbon materials
4.1 Bottom-up production of nanocarbon materials
Low-dimensional carbon materials, such as carbon nanotubes
and graphene derivatives, are now widely used especially in
energy and environmental research fields [233]. A lot of atten-
tion has also been paid on the creation of novel nanocarbon ma-
terials from molecular units and structurally well-defined

assemblies from nanocarbon units. Regarding the latter, liquid
interfaces often provide important anisotropic fabrication media
to synthesize novel types of low-dimensional carbon materials.

Recently, Mori et al. successfully demonstrated the fabrication
of two-dimensional nanocarbon films from a designed molecu-
lar unit, the carbon nanoring molecule (9,9′,10,10′-tetrabutoxy-
cyclo[6]paraphenylene[2]-3,6-phenanthrenylene), by using
newly developed vortex LB method at a liquid interface with
dynamic flow (Figure 14) [234]. For this bottom-up fabrication,
the chloroform solution of the carbon nanoring was dripped at
the air–water interface under rotating vortex flow. Appropriate
flow rates yielded two-dimensional films of the carbon
nanoring molecule with uniform thickness of a few nanometres.
The monolayer films were transferred from the water surface to
a solid substrate by hand. Further heat treatment under inert gas
atmosphere led to the formation of uniform two-dimensional
nanocarbon films, so-called carbon nanosheets, with ca. 10 nm
thickness with dispersed nanopore structural motifs. The elec-
trical conductivity of the transferred film was significantly in-
creased after the thermal carbonization process. Nitrogen-
doping was carried out simply by mixing nitrogen-containing
compounds such as pyridine into the original solution of the
carbon nanoring molecule. The prepared nitrogen-doped car-
bon nanosheets exhibited a higher electrical conductivity than
the non-doped ones did. It should be noted that these nanomate-
rial fabrications can be conducted by using solely very common
apparatuses such as beaker, stirrer, and tweezers. Therefore, the
proposed method can be more generalized and extended even to
industrial applications.
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Figure 13: Confined polymerization at the interface by spatially segregating a catalyst from the COF monomers. The formation of imine at the inter-
face of aqueous and organic layer yielded large-area, continuous COF films.

For the bottom-up fabrication of nanocarbon materials through
self-assembly processes, the use of fullerene (especially, C60)
molecules as assembling components are both technically and
scientifically attractive [235]. In addition to the technical impor-
tance of fullerene in many applications including physical
devices and biomedical usages, assembly processes from com-
pletely symmetrical zero-dimensional objects with single
elemental composition (carbon) are an intriguing fundamental
topic in supramolecular chemistry [236]. Miyazawa and
co-workers initiated a simple but highly useful method, i.e.,
liquid–liquid interfacial precipitation, to fabricate fullerene
assemblies (crystals) with various morphologies (Figure 15)
[237-239]. Fullerene molecules, such as C60 and C70, are dis-
solved in a liquid phase (good solvent) that contacts an immis-
cible liquid phase in which the molecules are poorly soluble
(poor solvent). The formation of crystalline assemblies of ful-

lerene molecules is induced by supersaturation at the
liquid–liquid interface. For example, C60 rods or needles can be
obtained at the interface between a saturated solution of C60 in
toluene and isopropyl alcohol as poor solvent.

4.2 One-dimensional fullerene assembly materials
Shrestha and co-workers have extended the research on dimen-
sionally controlled assemblies of fullerene molecules through
liquid–liquid interfacial precipitation [240]. For example, the
conversion from one-dimensional structures to three-dimen-
sional morphologies of C60 rods and tubes was carried out via a
surfactant-assisted process in liquid–liquid interfacial precipita-
tion [241]. At the interface between butanol and benzene, C60
typically assembles into one-dimensional superstructures (rods
and tubes). However, by adding surfactants to those interfacial
systems, the morphology of the assemblies can be altered to
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Figure 14: Fabrication of two-dimensional nanocarbon films from a carbon nanoring molecule (9,9′,10,10′-tetrabutoxycyclo[6]paraphenylene[2]-3,6-
phenanthrene) via a newly developed vortex LB method at a liquid interface with dynamic flow followed by heat treatment under inert gas atmosphere.
Both photographs were reproduced with permission from [68], copyright 2019 The Royal Society of Chemistry; the TEM image was reproduced from
[75], copyright The authors.

Figure 15: Liquid–liquid interfacial precipitation to fabricate fullerene
assemblies (crystals) with various morphologies (in this case,
assembly of one-dimensional nanowhiskers). Fullerene molecules,
such as C60 and C70, are dissolved in a liquid phase (good solvent)
that contacts an immiscible liquid phase in which the molecules are
poorly soluble (poor solvent).

three-dimensional objects. The final morphology highly
depends on type and concentration of the surfactants. When the
non-ionic surfactant diglycerol monolaurate was added to buta-
nol (0.01%), flower-like three-dimensional objects were precip-
itated at the interface with benzene. Detailed morphological
analyses with electron microscopy techniques revealed that the
surfactants did not basically alter primarily the one-dimen-
sional structures of the formed assemblies. Instead, they seemed
to promote super-lattice formation constructing three-dimen-
sional flowers form the same one-dimensional rods observed in
non-surfactant systems (tubes).

The thermal conversion of one-dimensional fullerene crys-
talline assemblies at extremely high temperatures resulted in
highly graphitic one-dimensional carbon materials as demon-
strated by Shrestha and co-workers [242]. One-dimensional C60
nanorods and nanotubes precipitated at liquid–liquid interface
were fully carbonized at 2000 °C in vacuum, resulting in mor-
phology-preserved one-dimensional carbon materials with sp2-
hybridised π-electron-rich robust frameworks (Figure 16). Due
to their highly aromatic nature, microbalance sensors with the
synthesized one-dimensional carbon materials on a quartz
crystal microbalance plate exhibited superior sensing properties
for aromatic toxic gasses. In addition, these graphitic carbon
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Figure 16: Conversion of one-dimensional C60 nanotubes precipitated
at liquid-liquid interface to one-dimensional carbon materials having
sp2-carbon-based π-electron-rich robust mesoporous frameworks
through carbonization at 2000 oC in vacuum.

materials exhibit excellent electrochemical capacitance,
suggesting possible usages in electrochemical and electrical ap-
plications. A similar nanoarchitectonics strategy was adopted to
C70 molecules. The one-dimensional carbon materials prepared
through high-temperature carbonization of C70 crystalline
assemblies showed high specific capacitances at a high current
density and scan rate [243]. These nano-engineered one-dimen-
sional carbon materials might be useful as electrode materials
for supercapacitors.

Shrestha, Acharya, and co-workers investigated the optoelec-
tronic properties of one-dimensional C60 nanorods prepared in
ultra-rapid (5 s) processes of liquid–liquid interfacial precipita-
tion at room temperature [244]. Dominant excitonic charge
transfer transitions within the nanorods was confirmed by
steady-state optical spectroscopy. Photovoltaic cells with one-
dimensional C60 nanorods as active layer sandwiched by an
indium tin oxide anode and an aluminium cathode exhibited en-
hanced photovoltaic capabilities. It also led to a significant en-
hancement of photogenerated charge carriers as compared to
similar cells prepared with pristine C60 molecules. C60 mole-
cules in a one-dimensional van der Waals solid preserve the
electronic structure of C60, but they crystallise in a hexagonal
close-packed structure that is different from the cubic crystal
structure of pristine C60 molecular crystals. This fact suggests
that crystal lattice and molecular packing within low-dimen-
sional fullerene assemblies significantly modify the optoelec-
tronic properties. The rapid synthesis with the possibility to
scale-up and the enhanced optoelectronic properties make the
above-mentioned nanoarchitectonics strategy for one-dimen-
sional fullerene nanorods a promising approach for applica-
tions in photosensitive devices.

Ji, Shrestha, and co-workers investigated the effects of the inter-
calation of polycyclic aromatic compounds, such as naphtha-
lene, anthracene, and pyrene, on the formation of one-dimen-
sional C60 nanowhiskers in liquid–liquid interfacial precipita-

tion processes [245]. The intercalation of polycyclic aromatic
compounds generally modifies the growth of fullerene one-
dimensional crystals depending on intercalation species. While
anthracene and pyrene led to an increased porosity of the struc-
tures, the structural characteristics of those without intercalator
compounds were preserved in the presence of naphthalene. In
addition, intercalation of the polycyclic molecules significantly
modified the spectral emissions of the fullerene assemblies
probably due to effects of molecular packing on the electron
transfer within the assembled structures.

Acharya, Shrestha, and co-workers decorated one-dimensional
C60 nanorods with zero-dimensional Ag nanoparticles that were
used as substrates for surface-enhanced Raman scattering
(SERS) to detect model targets such as rhodamine 6G with high
sensitivity [246]. This system provides dispersed SERS sub-
strates that can be evaluated by confocal Raman imaging. The
nanoarchitectonic materials work as freestanding efficient plas-
monic substrates for molecular detection.

Nanoporous bitter-melon-shaped C60 crystals with face-centred
cubic lattice were fabricated through liquid–liquid interfacial
precipitation from 2-propanol and C60 solution in dodecylben-
zene as reported by Shrestha and co-workers (Figure 17) [247].
Quartz crystal microbalance sensors coated with the bitter-
melon-shaped objects exhibited excellent sensing properties for
aromatic vapours with sensitivities in the order of aniline > tol-
uene > benzene > ethanol > hexane > cyclohexane > methanol
> water. The obtained nanoporous low-dimensional C60 assem-
blies provide advantageous features of easy diffusion and
promoted π–π interactions for facile sensing.

Figure 17: Nanoporous bitter-melon-shaped C60 crystals with face-
centered cubic lattice fabricated through liquid-liquid interfacial precipi-
tation methods between isopropyl alcohol and C60 solution in dodecyl-
benzene.

Saran and Curry reported the use of one-dimensional C60 crys-
tals prepared through liquid–liquid interfacial precipitation be-
tween m-xylene and isopropyl alcohol for visible-spectrum
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photodetectors [248]. Additional materials or two metal
contacts are not necessary in the fabricated photodetectors.
These devices made solely from carbon can be used as an alter-
native to commercial photodetector devices with CdS and
CdSe. Enhanced photoluminescence and photoelectrochemical
properties of one-dimensional Lu2@C82 nanorods prepared
through liquid–liquid interfacial precipitation between carbon
disulfide and 2-propanol were demonstrated by Lu and
co-workers [249]. Photoluminescence of the one-dimensional
Lu2@C82 nanorods was remarkably enhanced compared to the
pristine Lu2@C82 powder. The increased charge carrier trans-
port would be also useful for applications with photoelectric
purposes such as photodetectors.

4.3 Two- and three-dimensional, and hierarchic
fullerene assembly materials
One of the biggest advantages of liquid–liquid interfacial
precipitation is the capability of creating nanomaterials with
different dimensionalities just by changing the combination of
liquids to form the interface. For example, Shrestha and
co-workers successfully prepared two-dimensional C60 hexago-
nal nanosheets with hierarchic pore structures of macropores
and mesopores just by changing the solvent combination
(Figure 18) [250]. Liquid–liquid interfacial precipitation pro-
cesses with isopropyl alcohol/benzene and isopropyl alcohol/
carbon tetrachloride provided one-dimensional rods and two-
dimensional hexagon nanosheets, respectively. While these
objects do not possess porous interior structures, the use of
good solvents (benzene and carbon tetrachloride) with iso-
propyl alcohol as poor solvent yielded nanosheets with pores
depending on the mixing ratio between benzene and carbon
tetrachloride. Incorporation of 30% carbon tetrachloride
changes the morphology from one-dimensional rods to two-
dimensional hexagonal sheets by preventing the sheets from
rolling up to rods. Carbon tetrachloride contents of more than
50% yielded porous structures of two-dimensional hexagon
nanosheets. At 90% carbon tetrachloride content, the average
pore size became ca. 400 nm. These integrated two-dimen-
sional structures would be nanoarchitectonics pieces for the fab-
rication of sensitive sensors, organic solar cells, and miniatur-
ized organic superconductors.

As a functional development of two-dimensional fullerene
objects, Ji, Shrestha, and co-workers reported the synthesis of
two-dimensional mesoporous carbon microbelts and demon-
strated their usage as electrode material for electrochemical
supercapacitors (Figure 19) [251]. Two-dimensional belt-like
mesoporous structures can be fabricated from C60 molecules by
liquid–liquid interfacial precipitation using a carbon disulfide
solution of C60 and isopropyl alcohol. Under optimized condi-
tions, these mesoporous C60 microbelts extended to lengths of

Figure 18: Two-dimensional C60 hexagonal nanosheets with hierar-
chic pore systems of macropores and mesopores prepared by
liquid–liquid interfacial precipitation from isopropyl alcohol and mix-
tures of benzene and carbon tetrachloride. The porosity can be tuned
through the mixing ratio between benzene and carbon tetrachloride.
SEM images were reproduced with permission from [68], copyright
2019 The Royal Society of Chemistry.

the order of centimetres. Heat treatment of the obtained C60
microbelts converts them into two-dimensional amorphous car-
bon microbelts at 900 °C and their dense graphitic versions at
2000 °C. Especially the former carbon material exhibited excel-
lent electrochemical supercapacitive performance due to the en-
hanced surface area and the robust mesoporous framework
motifs. The hierarchical bimodal pore nature throughout the
carbonaceous frameworks results in efficient charge storage and
rapid ion transport. Superior cycling stability without any
capacity losses even after 10000 charge/discharge cycles was
also confirmed.

Furthermore, preparations of three-dimensional and hierarchic
structures of fullerene assemblies through liquid–liquid interfa-
cial precipitation have been successfully reported. Shrestha et
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Figure 19: Synthesis of two-dimensional mesoporous C60-based car-
bon microbelts by liquid–liquid interfacial precipitation using a carbon
disulfide solution of C60 and isopropyl alcohol followed by high-temper-
ature heat treatment.

al. reported the synthesis of highly integrated three-dimen-
sional Bucky cubes through liquid–liquid interfacial precipita-
tion and structural transformation by post-solvent treatment
(Figure 20) [252]. Three-dimensional cubic structures were pre-
cipitated as Olmstead’s crystalline C60–Ag(I) organometallic
hetero-nanostructures [C60{AgNO3}5] at the interface between
a saturated benzene solution of C60 and an ethanol solution of
silver(I) nitrate. The formed cubic structures underwent struc-
tural transformation upon exposing them to aliphatic alcohols of
low molecular weight. The transformation of smooth-faced
crystals to interpenetrated networks of one-dimensional needle
crystals occurred while preserving the cubic shape. Several
potential applications based on their electronic and optical prop-
erties can be expected for the obtained highly integrated fuller-
ene assemblies.

As reported by Shrestha and co-workers, three-dimensional
cubic structures can be fabricated from C70 molecules through
an ultrasound-assisted liquid–liquid interfacial precipitation
from tert-butyl alcohol and mesitylene [253]. In this modified
method, mild sonication was applied for a short period of time
after appropriate incubation time. The resulting C70 cubic
objects were further transformed into needle-on-cube (one-
dimensional structure on the surface of three-dimensional
object) structures simply by washing with isopropyl alcohol at
room temperature (Figure 21). The growth directions and diam-
eters of the nanorod-like C70 one-dimensional structures can be
tuned through the washing conditions. Interestingly, the formed
nanorod structures possess mesoporous features, which makes
the entire structure fully hierarchic. Quartz crystal microbal-

Figure 20: Highly integrated three-dimensional Bucky cubes synthe-
sized by liquid–liquid interfacial precipitation of Olmstead's crystalline
C60–Ag(I) organometallic heteronanostructure and the subsequent
structural transformation upon post-solvent treatment.

Figure 21: Three-dimensional cubic structures can be fabricated from
C70 molecules through an ultrasound-assisted liquid–liquid interfacial
precipitation from tert-butyl alcohol and mesitylene. The formed cubes
can be further transformed into needle-on-cube (one-dimensional
structure on the surface of three-dimensional object) structures simply
by washing with isopropyl alcohol at room temperature. Reproduced
from [75], copyright 2019 The authors.
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ance sensors modified with these hierarchic C70 assemblies
exhibited an excellent sensitivity to aromatic molecules in their
vapour phase probably due to facile diffusion through the
porous structure, high surface-area contact and advantageous
π–π interaction. The formation of low-dimensional objects from
a flat surface efficiently increases the surface area. This strategy
of converting low-dimensional structures is beneficial for
certain application such as sensing and drug delivery where
contact of materials to external media is crucial.

Shrestha and co-workers demonstrated the manipulation of
microscopic hole structures on the surface of cubic assemblies
of C70 molecules leading to hole-in-cube structures (Figure 22)
[254]. Open-hole cubes, in which microscopic holes are formed
at center of every face, were fabricated through dynamic
liquid–liquid interfacial precipitation from tert-butyl alcohol
and mesitylene. In the dynamic procedure, a mesitylene solu-
tion of C70 molecules was rapidly added into tert-butyl alcohol
and the resulting mixture was further incubated. The closing
and re-opening of holes can be controlled through addition of
excess C70 molecules and local electron beam irradiation, re-
spectively. Interestingly, the fabricated holes have the capa-
bility to discriminate macro-size particles. The holes selec-
tively accommodate graphitic carbon particles instead of resor-
cinol–formaldehyde resin particles of similar shape and size.
Favourable π–π interactions at the sp2-rich interior surface of
the open holes are responsible for this selective capture of
microscopic particles.

Figure 22: Hole-in-cube structures made from C70 molecules with hole
closing and re-opening and particle-trap capability. Reproduced from
[75], copyright 2019 The authors.

The preparation of mesoporous crystalline cubes of C70 mole-
cules with unusually enhanced photoluminescence has been
recently reported by Shrestha and co-workers [255]. The meso-

porous C70 cubes can be prepared by applying a mild heat treat-
ment process to the liquid–liquid interfacial precipitation from
tert-butyl alcohol and mesitylene. Initially formed crystalline
C70 cubes were transformed into mesoporous C70 cubes via
intermediate one-dimensional structures. The resulting meso-
porous C70 cubes showed enhanced photoluminescence proba-
bly due to their highly crystalline framework structures. In addi-
tion, these materials exhibited superior electrochemical superca-
pacitance over pristine C70 because of their increased electro-
chemically active surface areas.

Shrestha et al. also reported a modified method of liquid–liquid
interfacial precipitation for fullerene nanoarchitectonics using
non-ionic surfactants such as diglycerol monolaurate and
diglycerol monomyristate [256]. The liquid–liquid precipitation
from isopropyl alcohol and ethylbenzene usually provided one-
dimensional structures. These were, however, transformed into
Konpeito candy-like three-dimensional crystalline structures in
the presence of the above surfactants in the ethylbenzene phase.
Furthermore, the fabricated three-dimensional objects can be
graphitized by heat treatment at 2000 °C. The obtained carbon
materials show a high potential for applications in energy
storage supercapacitor devices.

Liquid–liquid interfacial precipitation methods with the strate-
gies of mixing components and conjugating molecules also
create interesting results. Lu, Guldi, and co-workers investigat-
ed the co-crystallization of C70 and (metallo)porphyrins through
liquid–liquid interfacial precipitation to give two-dimensional
nanosheet structures [257]. Single crystal X-ray diffraction
studies on the fabricated objects confirmed equimolar fractions
of these two components. As indicated by steady-state absorp-
tion spectroscopy and fluorescence spectroscopy, a strong
charge transfer interaction resulted in the charge separation with
one-electron reduced C70  and one-electron oxidized
(metallo)porphyrins. Li and co-workers reported the formation
of superstructures of a C60–adamantane conjugate through
liquid–liquid interfacial precipitation with chloroform as the
good solvent [258]. Diverse morphological structures with
various dimensionalities such as spheres, fibers, plates, nano-
flowers, cubes and microparticles were obtained.

As an interesting example of two-component fullerene assem-
blies at liquid–liquid interfaces, Minami, Shrestha, and
co-workers demonstrated time-dependent shape shifts of
co-assemblies of two fullerene derivatives, pentakis(phenyl)ful-
lerene and pentakis(4-dodecylphenyl)fullerene (Figure 23)
[259]. Structural shifts from egg-like structures to tadpole-like
structures are regarded as supramolecular differentiation. At the
interface of isopropyl alcohol and toluene, egg-like structures
were first formed from the mixture of these two components.
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Figure 23: Time-dependent shape shift of co-assemblies of two fullerene derivatives, pentakis(phenyl)fullerene and pentakis(4-dodecylphenyl)fuller-
ene from egg-like structures to tadpole-like structure regarded as supramolecular differentiation. Reproduced from [75], copyright 2019 The Authors.

One or multiple domains of pentakis(4-dodecylphenyl)fuller-
ene appeared on the spherical assemblies of pentakis-
(phenyl)fullerene using appropriate mixing ratios and appro-
priate incubation times. From the phase-separated domains,
one-dimensional tubular structures of pentakis(4-dode-
cylphenyl)fullerene preferentially growth as tails upon gentle
sonication. The observed supramolecular differentiation can be
regarded as the materials-science-based analogue of embryonic
development.

5 Interfacial nanoarchitectonics for
biomaterials
Well-designed biomolecular units should be powerful tools for
nanoarchitectonics of low-dimensional materials [260-262].
Asymmetric motifs of biomolecular units can be well designed
in many cases and the synthesized asymmetric units are often
assembled into low-dimensional structures. As summarized in a
recent review article by Matsuura [263], assembled structures of
various shapes can be nanoengineered from well-designed bio-
molecular units such as carbohydrate-conjugated oligodeoxy-
ribonucleotides and three-way junctions of DNA assemblies
and oligopeptides. Uses of the assembled low-dimensional ma-
terials for drug carriers, ligand-displaying scaffolds, and plat-
form for platforms are anticipated. Sawada and Serizawa ex-
plained in their recent review the use of M13 phages for asym-
metrical assemblies [264]. Although M13 phages are generally
known as useful scaffold for phage-display technology, they
utilized the M13 phages as one-dimensional building block for
novel liquid crystalline materials. These unique approaches can

open a new avenue for phage-based soft materials. He and Xu
reported a novel concept, namely, instructed assembly
(iAssembly) [265], which can yield ordered low-dimensional
assemblies as the consequence of at least one trigger event. The
instructed assembly can be well related to molecular processes
to control cell fate.

These examples strikingly indicate that biomaterials have a high
potential as building blocks for nanoarchitectonics of func-
tional low-dimensional structures. Restricting these assembly
processes two low-dimensional media with certain degrees of
motional freedom and diffusional restriction would result in
functional low-dimensional materials with attractive biological
functions. Liquid interfaces (especially aqueous interfaces)
would be appropriate media for this purpose. However, the high
surface tension at the air–water interface is disadvantageous for
protein assembly because undesirable transformations of sec-
ondary structures might be induced by the high surface tension.
One method to suppress surface denaturation during two-
dimensional protein assembly was proposed by Fromherz. The
adsorption of proteins from an underneath aqueous subphase to
a lipid monolayer at the air–water interface in a multi-compart-
ment trough can prevent undesirable denaturation of proteins
[266,267].

Because the method by Fromherz may waste unused proteins in
the subphase, it is not always suitable for the two-dimensional
assembly of precious biomaterials. In order to overcome this
drawback, Okahata and co-workers used lipid-coated proteins
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for a LB process at the air–water interface [268,269]. Water-
soluble biomolecules such as proteins were mixed with aqueous
vesicles of appropriate lipid molecules, resulting in a water-
insoluble lipid–biomolecule complex. For example, glucose
oxidase was complexed with a cationic lipid to provide water-
insoluble materials that were soluble in organic solvents. A
benzene solution of the resulting complex was dripped at the
air–water interface to give a monolayer film of glucose oxidase
and the lipid. The, only the amount of glucose oxidase needed
for monolayer formation is required and denaturation of glucose
oxidase is avoided by lowering the surface tension through the
presence of the lipid. The monolayers were transferred onto a
surface of electrodes, leading to glucose detection sensors
(Figure 24). Similarly, the presence of additional components
such as lipids and polymers is advantageous for other methods
of fabricating two-dimensional layered films, such as layer-by-
layer assembly [270-273]. Single-enzyme and multi-enzyme
reactors were successfully demonstrated [274-276].

Figure 24: A monolayer of glucose oxidase complexed with a cationic
lipid was transferred onto a surface of an electrode for glucose detec-
tion sensors.

In addition to the above-mentioned basic efforts in the nanoar-
chitectonics of bio-components through processes at liquid

interfaces, there are more advanced strategies currently under
research. For example, the culture, the organization, and the
control over the differentiation of living cells have been investi-
gated recently at liquid interfaces. Minami et al. pioneered in
the cell differentiation control at a liquid–liquid interface
(Figure 25) [277]. Several other research works [278-287]
revealed that interfaces between perfluorocarbons and aqueous
media are usable for the research of morphological changes,
division, and the viability of cells. Minami et al. successfully
demonstrated the regulation of myogenic differentiation of
C2C12 myoblast cells at water–perfluorocarbon interfaces as
fully fluidic microenvironments. While the expression of MyoD
remained at the usual level, the expression of myogenic regula-
tory factors was remarkably attenuated. The observed unusual
regulation of myogenic differentiation was attributed to the
fluidic nature of the water–perfluorocarbon interfaces. These
interfacial cell culture systems might provide good opportuni-
ties to study mechanobiological effects in cell science and tissue
engineering.

Figure 25: Cultures, organizations, and differentiation controls of living
cells a liquid-liquid interface between aqueous media and fluoro-
carbon phase.

The formation of two-dimensional protein nanosheets and the
modulation of stem cell mechanosensing at water–perfluoro-
carbon interfaces has been recently reported by Jia and
co-workers [288]. At the water–perfluorocarbon interfaces,
serum proteins were denatured to self-assemble into two-dimen-
sional protein nanosheets. Their packing can be tuned through
the selection of the perfluorocarbon compound, e.g., perfluo-
rodecalin or perfluorotributylamine. Human mesenchymal stem
cells are mechanically affected by the contact with the two-
dimensional protein nanosheets. Spreading, adhesion growth,
and yes-associated protein nuclear translocation of the cells
were triggered by a greater stiffness of the two-dimensional
protein nanosheets. The observed behaviour can be explained
by a molecular clutch model (Figure 26). The underlying two-
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Figure 26: Human mesenchymal stem cells at the interface between
aqueous medium and fluorocarbon phase with self-grown two-dimen-
sional protein nanosheets at which the mechanical behaviour of cells
can be explained by a molecular clutch model.

dimensional protein nanosheets are extremely flexible and ex-
hibit a large strain upon traction by the cells, which is probably
greater than the effect from solid surfaces. The obtained results
are useful for the understanding of interactions between cells
and materials at liquid interfacial media, as well as in the devel-
opment of stem cell culture media, and regenerative therapies.

Yang and co-workers also demonstrated the fabrication of two-
dimensional amyloid-like ultrathin two-dimensional protein
membranes at the air–water interface [289]. The membranes are
formed through fast aggregation of amyloid-like lysozyme mol-
ecules with controllable thickness from 30 to 250 nm accompa-
nied by the formation of pores with diameters of 1.8 to 3.2 nm.
While the two-dimensional membranes allow for a rather fast
permeation of small substances, molecules and particles larger
than 3 nm are retained at the membrane. Therefore, these two-
dimensional materials exhibited an excellent hemodialysis
capability to remove uremic toxins of medium molecular
weight. The fabricated two-dimensional protein materials might
be applied in pressure-driven filtration, size-directed forward
osmosis, and large-scale dialysis systems.

Instead of spontaneously formed low-dimensional protein mate-
rials, low-dimensional fullerene materials artificially prepared
at liquid interfaces have been used for the regulation of cell
alignment and differentiation. Krishnan et al. applied a novel
vortex LB method to align one-dimensional C60 nanowhiskers
with controlled alignment and curvature (Figure 27) [290]. As
described above, the vortex LB method utilizes the air–water
interface with a vortex rotation of one subphase, which can

Figure 27: One-dimensional C60 nanowhiskers with controlled align-
ment and curvature fabricated by a vortex LB method for the culture of
bone-forming human osteoblast MG63 cells.

align one-dimensional C60 nanowhiskers to the flow direction.
The aligned nanowhiskers can be also transferred onto a solid
substrate but their geometry can be regulated through the selec-
tion of the transfer position from the centre of vortex motion.
While a transfer far from the centre resulted in almost parallel
alignment, curved alignment can be obtained through transfer
from near the vortex centre. The aligned C60 nanowhisker
arrays were used as a scaffold for the culture of bone-forming
human osteoblast MG63 cells. Cell growth occurred mostly
along the axis of the aligned one-dimensional C60
nanowhiskers. In addition, the low toxicity of the C60
nanowhiskers was confirmed by cell proliferation test.

Minami et al. investigated the regulation of macroscopic cell
orientation and differentiation of mouse skeletal myoblast
C2C12 cells [291]. Highly aligned C60 nanowhisker arrays on a
solid surface were fabricated via conventional LB transfer from
the air–water interface. The culture of C2C12 cells on the
aligned C60 nanowhiskers led to a significant enhancement of
myotube formation with highly regulated directional growth.
Hsu and co-workers proposed the fabrication of highly oriented
and well-aligned arrays of one-dimensional C60 nanowhiskers
through the modification of motion in a dynamic LB process
[292]. Instead of vortex rotational motion, they used a recip-
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rocal (shaking) motion in one direction for a monolayer of C60
nanowhiskers at the air–water interface, resulting in arrays of
C60 nanowhiskers with a higher degree of alignment
(Figure 28). The differentiation of neural stem cells on highly
aligned C60 nanowhiskers was investigated to show their en-
hanced viability and their differentiation into mature neurons.
Because of the biocompatibility of the used one-dimensional
C60 nanowhiskers and the high potential for large-area fabrica-
tion, the presented C60 scaffolds might be a promising platform
for patterned cell scaffolds for tissue engineering.

Figure 28: Highly aligned arrays of C60 nanowhiskers obtained by
using a LB method with reciprocal motion in one direction for differenti-
ation control of neural stem cells.

Highly expressible bacteriorhodopsin is known as a light-sensi-
tive opsin with the potential capability of triggering neuronal
activities through optogenetic modulation [293]. Optogenetic
modulation and reprogramming of human fibroblasts trans-
fected by highly expressible bacteriorhodopsin was investigat-
ed by Hsu and co-workers using tow-dimensional C60 nano-
sheets [294]. The transfected fibroblasts cultured on C60 nano-
sheets with controlled light illumination induced reprogram-
ming and differentiation into neural cells. This approach may
indicate the possibility to control cell differentiation by selec-
tive location (on two-dimensional C60 nanosheets) and timing
(illumination time).

6 Conclusion and Perspectives
For designing advanced functions within a small space, the
selective and anisotropic organization of materials, energy,
electrons, and information is indispensable. One of the promis-
ing methods to obtain such a unique aggregated state would be
using low-dimensional anisotropic systems and materials. Low-
dimensional materials including nanoparticle, nanorods, and
nanosheets have been paid much attention in science and tech-
nology in this context recently. In addition to conventional low-
dimensional materials such as fullerene, carbon nanotubes,

graphene and various two-dimensional materials, constructing
novel low-dimensional materials from a wide range of nanoma-
terials precursors is an attractive research field. A novel concept
called nanoarchitectonics in which functional materials are
engineered from nanoscale components, might be the best
methodology for this objective. Especially, the use of dynamic
interfacial media providing a unique restriction the molecular
motion is advantageous for the facile synthesis of anisotropic
low-dimensional materials.

Based on these general considerations, this review described
bottom-up syntheses of low-dimensional systems and materials
using materials nanoarchitectonics at two-dimensional liquid
interfaces. The contents of the review article range from the de-
scription of basic characteristics of interfacial media with spe-
cific features of molecular interactions to various materials
systems including molecular patterns, two-dimensional
MOF/COF, low-dimensional nanocarbons, and biomaterial
assemblies including living cells at liquid interfaces. Methodol-
ogies to realize materials nanoarchitectonics at two-dimen-
sional liquid interfaces make use of various aspects and func-
tions of low-dimensional systems and materials including the
control of fundamental molecular interactions that regulate
complicated cell functions. A generality of nanoarchitectonics
concepts at liquid interfaces for low-dimensional systems and
materials can be found in the examples introduced in this
review.

For future developments of the nanoarchitectonics strategy, two
essential features need to be considered in more detail. The first
is the control of functional component units within low-dimen-
sional materials, especially in two-dimensional planes. Very ad-
vanced functions seen in biological systems such as energy
conversion and signal transduction highly rely on sophisticated
arrangements and organizations of functional elements within
two-dimensional cell membranes. These sophisticated biologi-
cal systems need to be studied more extensively as an ideal ex-
ample of low-dimensional functional materials. The regulation
of the organization of functional components within low-dimen-
sional structures would be a key methodology to develop low-
dimensional systems to the next stage. Another key require-
ment of nanoarchitectonics would be the development of large-
scale production. Most of research efforts on nanoarchitec-
tonics-based low-dimensional materials are still at the laborato-
ry scale, which is not attractive for further industrial develop-
ments. The use of low-cost precursors and application exam-
ples that can be realized with simple technical procedures
would be important. Upon technical development according to
these required features, low-dimensional systems and materials
might give more opportunities to design advanced functions for
industrial applications.
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Abstract
Lithium–sulfur batteries render a high energy density but suffer from poor cyclic performance due to the dissolution of intermedi-
ate polysulfides. Herein, a lightweight nanoporous TiO2 and graphene oxide (GO) composite is prepared and utilized as an inter-
layer between a Li anode and a sulfur cathode to suppress the polysulfide migration and improve the electrochemical performance
of Li/S batteries. The interlayer can capture the polysulfides due to the presence of oxygen functional groups and formation of
chemical bonds. The hierarchically porous TiO2 nanoparticles are tightly wrapped in GO sheets and facilitate the polysulfide
storage and chemical absorption. The excellent adhesion between TiO2 nanoparticles and GO sheets resulted in enhanced conduc-
tivity, which is highly desirable for an efficient electron transfer process. The Li/S battery with a TiO2/GO-coated separator exhib-
ited a high initial discharge capacity of 1102.8 mAh g−1 and a 100th cycle capacity of 843.4 mAh g−1, which corresponds to a
capacity retention of 76.48% at a current rate of 0.2 C. Moreover, the Li/S battery with the TiO2/GO-coated separator showed supe-
rior cyclic performance and excellent rate capability, which shows the promise of the TiO2/GO composite in next-generation Li/S
batteries.

1726

Introduction
The portability of handheld electronic products and successful
realization of next-generation electric vehicles urgently require
advanced energy storage devices with higher storage capacity
and excellent service life. Li-ion batteries have successfully
demonstrated their promise for a wide range of small-scale ap-
plications. However, the large-scale utilization of Li-ion

batteries is limited by the energy density [1-5]. Recently, lithi-
um–sulfur batteries (Li/S batteries) have been widely investigat-
ed as an alternative energy storage system due to their distinct
advantages, such as high theoretical capacity (1675 mAh g−1)
and high energy density (2600 Wh kg−1). Furthermore, the
abundance and nontoxic nature of elemental sulfur favors the

https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:yanzhao1984@hebut.edu.cn
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https://doi.org/10.3762%2Fbjnano.10.168


Beilstein J. Nanotechnol. 2019, 10, 1726–1736.

1727

Figure 1: Schematic illustration of a Li/S battery with a TiO2/GO-coated functional separator.

large-scale utilization of Li/S batteries [6-10]. However, the de-
velopment and widespread utilization of Li/S batteries is
hindered by (i) the poor electronic/ionic conductivity of sulfur,
causing a low reaction rate and electrochemical polarization,
(ii) dissolution and the shuttle effect of intermediate polysul-
fides, resulting in the deposition of Li2S and Li2S2 at the elec-
trode/electrolyte interface, shortening the service life and
rendering poor coulombic efficiency, and (iii) large volumetric
changes during charge/discharge, destroying the conductive
network of the electrode and causing capacity decay [11-15].

To overcome these issues, researchers have adopted various
techniques, such as optimization of the cathode material [16-
18], incorporation of electrolyte additives [19], and protection
of the anode [20]. Recently, much attention has been directed to
the development of a functional separator, which serves as an
intermediate layer and plays an important role in enhancing the
electrochemical performance of Li/S batteries. It has been
demonstrated that the polysulfide shuttle can be effectively
suppressed by modifying the separator or incorporating an
interlayer at the cathode/separator interface [21,22]. For
instance, the performance of Li/S batteries has been significant-
ly enhanced by using carbon-modified separators due to the su-
perior conductivity, adjustable pore structure and high specific
surface area [23-26]. However, only physical adsorption occurs
between carbonaceous materials and polysulfides, and non-
polar carbon-based materials offer weak interactions with polar
polysulfides [27,28]. On the other hand, metal oxides can form
chemical bonds with sulfur to trap sulfur species. As a result,
sulfur species are confined at the cathode/separator interface
and the shuttle effect is minimized. Hence, the carbon/metal-
oxide hybrid interlayer combines the advantages of carbon and
metal oxides and exhibits superior performance over mono-
lithic materials. Recently, the inclusion of V2O5/CNT [29],

MoO3@CNT [30], TiO2@CNF [31], TiO2/graphene [32] inter-
layers has been shown to suppress the shuttle effect and the Li/S
batteries with these functional interlayers deliver high gravi-
metric energy density and superior cyclic performance.

Two-dimensional graphene oxide (GO) has excellent thermal
stability, an ultrahigh specific surface area, and good electrical
conductivity. The polysulfide shuttle can be suppressed due to
the presence of oxygen functional groups on the surface of GO,
electrostatic repulsion and steric exclusion [33,34]. However, as
far as we know, no study has been reported applying TiO2/GO
composites as a functional interlayer in Li/S batteries. Herein, a
three-dimensional TiO2/GO-coated separator was introduced
between the Li anode and sulfur cathode as a highly efficient
polysulfide absorber. The TiO2/GO composite was prepared by
dealloying, as reported elsewhere [35], and subsequent spray
drying. It has been demonstrated that the utilization of the
TiO2/GO composite interlayer enhanced the cycling stability
and charge storage capacity of Li/S batteries due to excellent
conductivity of graphene oxide and strong chemical interac-
tions between nanoporous TiO2 and polysulfides.

Results and Discussion
Figure 1 presents a schematic of a Li/S battery with a TiO2/GO-
coated separator, which is sandwiched between a sulfur cathode
and Li metal and prevents the diffusion of polysulfides.
Thereby, the separator inhibits the polysulfide shuttle during the
charge/discharge process. At the same time, the coating layer
provides an unimpeded pathway for the transmission of Li ions,
which guarantees the excellent cyclic stability and desirable rate
performance of Li/S batteries.

Figure 2a shows X-ray diffraction (XRD) patterns of the
as-spun and as-dealloyed sample. The TiAl foil exhibits Al3Ti



Beilstein J. Nanotechnol. 2019, 10, 1726–1736.

1728

Figure 2: (a) XRD patterns of the as-spun and as-dealloyed Ti10Al90 alloy foils. (b) Raman spectra of TiO2, GO and the TiO2/GO composite. (c) TGA
curve and (d) N2 adsorption–desorption isotherms and pore size distribution of the TiO2/GO composite.

(JCPDS 65-2667) and Al (JCPDS 65-2869) phases. After de-
alloying, the specimen shows a typical amorphous state with
two weak diffraction peaks at about 25° and 48°, and the peaks
of the Al3Ti and Al phases were absent, indicating almost com-
plete dissolution of Al and the formation of amorphous TiO2.
Figure 2b shows the Raman spectra of TiO2, GO and the
TiO2/GO composite. The Raman spectrum of as-dealloyed
TiO2 is featureless due to its amorphous nature [36], and the
GO alone shows the typical D- and G-bands at ≈1350 cm−1 and
1592 cm−1. Meanwhile, the composite displays the spectral
characteristics of GO with two distinct peaks at ≈1343 cm−1

and 1580 cm−1. The slight shift in the position of the D- and
G-band of the TiO2/GO composite can be ascribed to the inter-
action between TiO2 and GO and the formation of Ti–O–C
bonds [37]. In addition, the TiO2/GO composite shows a new,
weak peak at 628 cm−1 that corresponds to the Eg mode of the
anatase TiO2 [38], suggesting that the TiO2 is crystallized with
a low degree of crystallinity after spray drying. Thermogravi-
metric analysis (TGA) of the TiO2/GO composite is presented
in Figure 2c. When the temperature was increased from room
temperature to 120 °C, a weight decrease of 8.8% was noticed

due to the elimination of a small amount of adsorbed water. The
remainder after the heating process was regarded as the TiO2,
which accounts for 45.6 wt % of the whole. The N2
adsorption–desorption isotherm of the TiO2/GO composite
is shown in Figure 2d. A distinct hysteresis loop can be
identified, indicating the microporous structure of the TiO2/GO
composite. The BET specific surface area of the TiO2/GO
composite was determined to be 155.2 m2 g−1. Through the
Barrett–Joyner–Halenda (BJH) analysis, the pore size distribu-
tion of TiO2/GO shows that the majority of the pores are around
2.9 and 7.4 nm. The rich porosity not only provides abundant
pore structure to accommodate sulfur, but also supplies numer-
ous adsorption and catalytic sites for the polysulfides, thus sig-
nificantly improving both the specific capacity and cycling per-
formance of Li/S batteries.

Figure 3a shows a scanning electron microscopy (SEM) image
of as-prepared TiO2, which has been synthesized by selectively
dissolving Al atoms from a Ti10Al90 alloy. It can be readily ob-
served that the abundant nanowires and uniform nanopores,
with a pore size of ≈40 nm, formed a sea-urchin-like structure.
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Figure 3: (a) SEM image, (b) element maps and (c) TEM image of the as-prepared nanoporous TiO2 particles. (d) SEM image, (e) TEM image,
(f, g) HRTEM images and (h–k) EDS mapping of the as-prepared TiO2/GO composite.

Furthermore, the energy-dispersive X-ray spectroscopy (EDS)
analysis confirms the homogenous distribution of Ti and O ele-
ments (Figure 3b). In addition, the transmission electron
microscopy (TEM) image of TiO2 shows the nanoporous archi-
tecture with dark nanowires and bright nanopores (Figure 3c).
On the other hand, the SEM and TEM images of the as-pre-
pared TiO2/GO composite show that the surface of nanoporous
TiO2 has been completely wrapped by wrinkled GO nanosheets
(Figure 3d and 3e). As displayed in the high-resolution TEM
(HRTEM) images (Figure 3f and 3g), the TiO2/GO composite
reveals no clear lattice fringe for TiO2, indicating poor crys-
tallinity. It is clear that the GO sheets have a flake-like struc-
ture with wrinkles and folds, which is in line with previous
works [39]. The EDS elemental mapping of titanium, oxygen

and carbon provide additional evidence to further show the GO
uniform distribution on the TiO2 particle, as shown in
Figure 3i–k. Moreover, based on the Raman and TEM results,
the TiO2 and GO sheets exhibit excellent adhesion, which
ensures efficient electron transfer from the GO sheet to
nanoporous TiO2. The use of TiO2/GO composites as an inter-
layer can greatly suppress the migration of polysulfides due to
their physical and chemical interactions with dissolved polysul-
fides. Therefore, the as-prepared TiO2/GO composite is ex-
pected to exhibit enhanced conductivity and render excellent
rate performance [40].

Figure 4 displays the SEM images of the pristine and TiO2/GO-
coated separator. The pristine separator shows abundant pores
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Figure 4: Surface SEM images of (a) a pristine separator, (b) a TiO2/GO-coated separator and (c) the TiO2/GO-coated separator as a cross-sectional
view. Insets in panel (a) and (b) are the digital photographs of the pristine and the TiO2/GO-coated separator, respectively.

Figure 5: CV curves of the Li/S batteries with a (a) pristine separator, (b) GO-coated separator and (c) TiO2/GO-coated separator.

with an average diameter of 100 nm (Figure 4a). Meanwhile,
the TiO2/GO-coated separator confirms that TiO2 particles are
tightly wrapped with GO sheets, indicating the strong interac-
tion between nanoporous TiO2 and GO (Figure 4b). The cross-
sectional morphology of the TiO2/GO-coated separator shows
that the thickness of the TiO2/GO composite layer was ≈5 μm
(Figure 4c). Furthermore, the interface does not contain any
cracks, suggesting the excellent adhesion of the TiO2/GO com-
posite layer with a pristine separator.

Figure 5 compares the cycle voltammetry (CV) curves of the
Li/S batteries with pristine, GO-coated and TiO2/GO-coated
separators at a scan rate of 0.1 mV s−1. All the CV curves ex-
hibit two cathodic peaks, which can be ascribed to the transfor-
mation of elemental sulfur, S8, into soluble high-order polysul-
fides and then into Li2S and Li2S2 [41]. On the other hand, the
anodic peaks can be assigned to the reversible transformation of
Li2S and Li2S2 into the high valence state Li2S4–8 [42-44]. One
should note that the Li/S batteries with a pristine separator and
those with a GO-coated separator exhibit much broader redox
peaks than that of the Li/S batteries with TiO2/GO-coated sepa-
rator due to the high polarization and poor reversibility. More-

over, compared with Figure 5a, the position and shape of redox
for the 2nd and 3rd cycles remain unchanged in Figure 5c. In
addition, the batteries with the TiO2/GO-coated separator ex-
hibit sharper and more symmetric redox peaks than the batteries
with a pristine separator or a GO-coated separator. These obser-
vations indicate the stable electrochemical performance and
high reversibility of the Li/S batteries with the TiO2/GO-coated
separator.

The discharge–charge cyclic performance was assessed at 0.2 C
in the voltage range of 1.5 to 3 V (vs Li/Li+). Figure 6a shows
that the Li/S batteries with the TiO2/GO-coated separator deliv-
ered a high initial discharge capacity of 1102.8 mAh g−1 and a
100th cycle capacity of 843.4 mAh g−1, which corresponds to a
capacity retention of 76.48%. On the other hand, the initial dis-
charge capacity of Li/S batteries with a pristine and GO-coated
separator were only 757.7 and 907.9 mAh g−1, respectively.
After 100 cycles, the capacity decreased to 467.1 and
652.7 mAh g−1, respectively, which corresponds to a capacity
retention of 61.65% and 71.89%. In addition, the TiO2/GO-
coated separator Li/S batteries rendered a stable coulombic effi-
ciency during charge/discharge process. The enhanced cyclic
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Figure 6: (a) Cyclic performance and coulombic efficiency of the Li/S batteries with pristine, GO-coated and TiO2/GO-coated separators at a c-rate of
0.2 C and (b) corresponding discharge–charge profiles of the Li/S batteries with a TiO2/GO-coated separator.

Figure 7: (a) Rate capability of the Li/S batteries with pristine, GO-coated and TiO2/GO-coated separators. (b) Charge/discharge curves and (c) cor-
responding dQ/dV curves of the Li/S batteries with a TiO2/GO-coated separator at different c-rates.

performance of the TiO2/GO-coated separator batteries can be
attributed to the outstanding physical and chemical absorption
between the TiO2/GO composite and the dissolved polysulfide.
In addition, the TiO2/GO composite forms a three-dimensional
structure, which can improve the active material utilization and
mitigate the “shuttle effect”.

Figure 6b presents the galvanostatic discharge–charge curves of
the TiO2/GO-coated separator batteries for the 1st, 5th, 50th and
100th cycles at a c-rate of 0.2 C. The discharge–charge curves
exhibit two pairs of reduction and oxidation peaks, correspond-
ing to the redox reactions of typical Li/S batteries. These obser-
vations are consistent with the CV curves. In addition, the
plateaus in the discharge–charge profiles are almost overlapped
even after the 100th cycle, indicating a stable electrochemical
performance of the Li/S batteries with a TiO2/GO-coated sepa-
rator.

Figure 7a shows the rate capability of Li/S batteries with pris-
tine, GO-coated and TiO2/GO-coated separators at various cur-
rent rates. Over the entire discharge–charge process, the

TiO2/GO-coated separator batteries delivered a much higher
capacity than the Li/S batteries with a pristine separator. When
the c-rate was increased from 0.2 to 0.5, 1 and 2 C, the
TiO2/GO-coated separator batteries delivered a high reversible
capacity of 889.7, 685.9, 546.4 and 419.7 mAh g−1, respective-
ly. Even at a high c-rate of 3 C, a reasonably high reversible
capacity of ≈320.8 mAh g−1 was delivered by the TiO2/GO-
coated separator batteries. Moreover, once the current density
was restored to a low rate (0.5 C), the TiO2/GO-coated sepa-
rator batteries exhibited a capacity of 655 mAh g−1, which cor-
responds to a recovery of 95.5%. On the other hand, the Li/S
batteries with the pristine and GO-coated separator exhibited a
low capacity of ≈179.6 and 266.2 mAh g−1, respectively, at 3 C,
which are quite lower than the Li/S batteries with the TiO2/GO-
coated separator. For the Li/S batteries with a pristine and
GO-coated separator, when the c-rate was restored to 0.5 C,
only a capacity of 400.5 and 553.7 mAh g−1 could be restored,
which indicates the poor rate capability of the Li/S batteries
with a pristine separator and GO-coated separator. Figure 7b
presents the discharge–charge profiles of the Li/S batteries with
the TiO2/GO-coated separator at different current rates from 0.2
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Figure 8: Nyquist plots of the Li/S batteries with pristine, GO-coated and TiO2/GO-coated separators (a) before cycling and (b) after cycling.

to 3 C. One should note that the shape of the voltage curves
remained the same even under high current rates, such as 2 C
and 3 C. Figure 7c shows the differential capacity versus
voltage (dQ/dV) obtained from the discharge–charge profiles in
Figure 8b. There were some shifts of the redox peaks with the
increase in the current rate. However, the peak separation at a
high current rate of 3 C still exhibits pronounced peaks. The
excellent rate capability of the Li/S batteries with the TiO2/GO
coated separator suggests that the migration of polysulfides has
been effectively restrained due to the introduction of the sepa-
rator. Moreover, the adsorption advantages of GO with oxygen
functional groups and TiO2 with chemical bonds results in an
increase in the sulfur utilization and leads to an enhanced rate
stability of the Li/S batteries.

Furthermore, we have carried out electrochemical impedance
spectroscopy (EIS) analysis to analyze the charge transfer
kinetics in Li/S batteries with pristine and TiO2/GO-coated
separators. Figure 8 presents the Nyquist plots of Li/S batteries
with pristine and TiO2/GO-coated separators before and after
cycling. As shown in Figure 8a, the charge transfer resistance
(Rct) of the TiO2/GO-coated separator battery was ≈15.7 Ω,
which is smaller than the Li/S battery with a pristine separator
(19.2 Ω) or GO-coated separator (17.4 Ω). The lower charge
transfer resistance can be ascribed to the higher conductivity of
the TiO2/GO layer. After cycling, the Rct of the Li/S batteries
with the TiO2/GO-coated separator decreased to 12.6 Ω, where-
as the Rct of the Li/S batteries with the pristine and GO-coated
separator reduced to 18.3 and 14.8 Ω, respectively. The lower
Rct after cycling can be ascribed to the chemical activation and
redistribution of the active material [45]. In addition, an addi-
tional semicircle emerged in the EIS spectra of the Li/S
batteries with the pristine separator after cycling, which sug-
gests the dissolution of polysulfides and their deposition on the
surface of the sulfur cathode. The absence of an additional

semicircle in the EIS spectra of the TiO2/GO-coated separator
batteries indicates that the presence of the TiO2/GO interlayer
hindered the movement of polysulfides and thereby enhanced
the utilization of the active material by reducing the shuttle
effect.

The permeability of polysulfides through both membranes was
visually analyzed by separating two compartments with either
the pristine or the TiO2/GO-coated separator, as shown in
Figure 9. The left side of the test tube was filled with an-
hydrous tetrahydrofuran (THF) and 1 M Li2S6 solution and the
right side was filled with anhydrous THF. As shown in
Figure 9a, the color of the THF solution, on the right side,
changed to dark yellow with prolonged diffusion up to 12 h due
to the diffusion of polysulfides from the pristine separator. On
the other hand, the TiO2/GO-coated separator hindered the
diffusion of polysulfides and exhibited a much slower color
change even after 12 hours. Hence, the TiO2/GO-coated sepa-
rator effectively adsorbed and blocked the transportation of
Li2S6.

Raman and Fourier-transform infrared spectroscopy (FTIR)
analysis was carried out to understand the interaction between
TiO2/GO and polysulfides (Figure 10). The TiO2/GO compos-
ite was treated with a Li2S6 electrolyte (1.0 M/0.1 M LiTFSI/
LiNO3 in DOL and DME (1:1 v/v)) via immersion for 12 h; the
Li2S6-treated TiO2/GO material was then obtained after
centrifugal separation and vacuum drying. Raman and FTIR
studies of the Li2S6-treated TiO2/GO material clearly show the
existence of an S–S stretching band at 470 cm−1, indicating that
Li2S6 was absorbed on the surfaces of the TiO2/GO composite
[46]. The Raman band at 745 cm−1 relates to a typical charac-
teristic feature of LiTFSI in electrolyte [47]. A band that
appeared at 801 cm−1 in the FTIR spectrum can be attributed to
the S–O–C stretching, suggesting that the C of the TiO2/GO
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Figure 9: Optical images of the diffusion process of the polysulfides through the (a) pristine separator and the (b) TiO2/GO-coated separator.

Figure 10: (a) Raman and (b) FTIR spectra of the Li2S6-treated TiO2/GO composite.

composite is chemically bonded to the polysulfides [48]. The
FTIR spectrum of Li2S6–TiO2/GO revealed that the peaks at
576, 597 and 740 cm−1 were attributed to the asymmetric
bending mode of CF3, the Li–O stretching and the S–N
stretching of LiTFSI [49-51].

To further investigate the interaction between TiO2 and the
polysulfides during the charge/discharge process, the XPS spec-
tra of the Li/S batteries with the TiO2/GO-coated separator were
recorded before and after 100 cycles, as shown in Figure 11. A
broadened Ti 2p1/2 peak at ≈464 eV after cycling can be attri-
buted to the presence of Ti–S interaction [32], indicating that
TiO2 interacts with S during the charge/discharge process. The
combination of TiO2 and sulfur effectively prevents the loss of
active sulfur and improves the cyclic performance of the Li/S
batteries. Based on the above results, it can be concluded that
the TiO2/GO composite has the synergetic effects of physical

Figure 11: XPS spectra (Ti 2p) of the battery with a TiO2/GO-coated
separator before and after charge/discharge cycling.
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and chemical interaction in inhibiting the shuttling of polysul-
fides. The increase of the active material utilization contributes
to improvement of the cyclic performance and rate perfor-
mance of Li/S batteries.

Conclusion
In summary, a lightweight TiO2/GO coating, applied as an
interlayer for Li/S batteries, has been prepared by using a
simple method. The hierarchically porous TiO2 nanoparticles
are tightly wrapped in GO sheets and formed a 3D network
structure, which can capture the polysulfides by physical and
chemical adsorption and buffer the volumetric change of the
sulfur cathode during the charge/discharge process. As a result,
the Li/S batteries with the TiO2/GO-coated separator exhibited
a higher capacity, excellent rate performance and superior
cyclic stability as compared to the Li/S batteries with a pristine
or GO-coated separator. With the TiO2/GO-coated separator,
the Li/S batteries still exhibited a high specific capacity of
843.4 mAh g−1 after 100 cycles. Additionally, the discharge
capacity of ≈320.8 mAh g−1 can be obtained even at a high
current density of 3 C. The present study demonstrates
the potential of the TiO2/GO functional interlayer in next-gen-
eration Li/S batteries and presents a novel approach to prepare
metal oxide based hybrid coatings for energy storage applica-
tions.

Experimental
Preparation of TiO2/GO composite
Ti10Al90 alloy ribbons were fabricated by refining pure Al
(99.9 wt %) and Ti (99.9 wt %) in an arc furnace, followed by
melt spinning under an argon-protected atmosphere. The
Ti10Al90 alloy ribbons were immersed in a 2 M NaOH solution
for 72 h to prepare nanoporous TiO2 particles at ambient tem-
perature. The resulting powder was washed several times by
using deionized (DI) water (18.2 MΩ cm) and ethyl alcohol.
Then, the powder was vacuum dried (−0.08 MPa) for 8 h. To
synthesize the TiO2/GO composites, 1 g of nanoporous TiO2
(≈40 nm) and 100 mL of graphene oxide (GO) solution were
dispersed into 100 mL of deionized water and ultrasonically
mixed for 2 h, followed by continuous stirring for 12 h to obtain
a stable and uniform mixture. Then, the mixture was spray-
dried at a flow rate of 5 mL min−1, which resulted in the
TiO2/GO composite. The inlet temperature of the spray dryer
was 200 °C.

Fabrication of TiO2/GO-coated separator
The coating layer was fabricated by mixing TiO2/GO compos-
ites (90 wt %) and poly(vinylidene fluoride) (PVDF, 10 wt %)
in ultrapure water and milling for 40 min. The as-prepared
slurry was coated onto the separator and dried at 60 °C in a
vacuum oven for 8 h. Then, the TiO2/GO-coated separator was

sectioned in the form of circular discs with a diameter of
18 mm. For reference, a pure GO-modified separator was fabri-
cated using the same process.

Synthesis of sulfur cathode
The sulfur cathode was prepared by mixing 70 wt % of
elemental sulfur, 10 wt % PVDF and 20 wt % Ketjen black in
N-methyl-2-pyrrolidone (NMP) solvent to form a slurry, which
was coated onto an aluminum foil and vacuum-dried at 60 °C
for 8 h. Finally, the cathodes were cut into a round shape with a
diameter of 9 mm for coin-cell fabrication.

Material characterization
The crystalline structure of the samples was examined using
XRD (Rigaku-TTRIII) with a step rate of 3° min−1. The mor-
phology and microstructure were observed by SEM (JEOL
JSM-7100F) and TEM (JEOL JEM-2100F) with an acceler-
ating voltage of 15 kV and 200 kV, respectively. The Raman
spectra were recorded on a Raman spectrometer (Renishaw RM
2000) by using a laser with an excitation wavelength of
632.8 nm. Thermogravimetric analysis (SDTQ600) was taken
under air flow (RT to 800 °C, 10 °C min−1). The N2 adsorption/
desorption tests were analyzed using Brunauer–Emmett–Teller
(BET) theory on a Micromeritics ASAP 2020 device. The sur-
face composition was analyzed by XPS (VG ESCALAB MK II
USA). The binding energies of all the elements were calibrated
using C 1s (284.5 eV) as a reference. The FTIR spectra of the
samples were recorded on a Bruker VERTEX 80 infrared spec-
trometer.

Electrochemical characterization
The 2032-type coin-cells were assembled in an argon-filled
glove box (MBraun). In a half-cell configuration, Li metal
served as a reference electrode, TiO2/GO hybrid and GO mem-
branes as separators, 1.0 M/0.1 M LiTFSI/LiNO3 in DOL and
DME (1:1 v/v) as an electrolyte and sulfur as a cathode. The
charge–discharge measurements were carried out in the voltage
range of 1.5–3 V (vs Li/Li+) by using a multichannel Neware
battery tester. CV and EIS were carried out on an electrochemi-
cal workstation (Princeton Applied Research, PARSTAT 2273).
The CV scans were collected at a scanning rate of 0.1 mV s−1

between the voltage range of 1.5–3 V. EIS was performed in the
frequency range of 100 kHz to 0.01 Hz with an amplitude of
5 mV.
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