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Researching advancements in the electrochemical
performance of molybdenum-based spherical

17458 polyoxometalate/reduced graphene oxide aerogel
composites as electrode materials for

supercapacitors
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* Junwang Liu, Xiaoyan Cai, Lige Gong and

A composite aerogel formed using spherical polyoxometalate {Mo;3,} and graphene exhibits character-

istics distinct from those of other aerogels. It retains the three-dimensional mesoporous channels typical

of graphene aerogels and incorporates {Mo;3,}-derived micropores. These structural features together

furnish additional ion-transport channels for conductive particles. This aerogel material showcases a sub-

stantial specific surface area (207.114 m? g™, which is significantly higher than the of pure graphene

aerogel (96.327 m? g™, indicating that the material has a rich microporous structure. The existence of

{Mo13,} reduced the charge transfer resistance R, of the material to varying degrees, reaching a minimum

of 1.916 Q, far lower than the 2.861 Q of the pure graphene aerogel, which further explains the role of

mesopores. At a current density of 10 A g~

1 and after 10 000 cycles, the Coulomb efficiency of the

material remained at 77.97%. A symmetrical supercapacitor is made of this aerogel material, with a

specific capacitance of 100.6 F g~ at a current density of 1 A g~*. The energy density at a current density

of 10 A gt is approximately 13 Wh kg™, and the power density is approximately 7500 W kg™, The data

Received 2nd September 2025,
Accepted 27th October 2025

DOI: 10.1039/d5dt02107c

rsc.li/dalton supercapacitors.

1. Introduction

As a green energy storage device, supercapacitors (SCs) have the
advantages of high power density, rapid charging/discharging
capabilities, long cycle life and excellent safety performance.'™
The electrode material is an important factor in determining
the performance of supercapacitors. Consequently, developing
stable green electrode materials with high capacitance, energy
density and power density is important to obtain high-perform-
ance supercapacitors. Traditional electrode materials mainly
have two mechanisms of action, namely double-layer capaci-
tance (EDLC) and pseudocapacitance (PC). The electrode
materials for double-layer capacitors are mainly carbon
materials, such as graphene,*” &7 activated
carbon®’and so on. Pseudocapacitive electrode materials

carbon nanotubes,

School of Materials Science and Chemical Engineering, Harbin University of Science
and Technology, Heilongjiang 150040, China. E-mail: wjh99924@hrbust.edu.cn

17458 | Dalton Trans., 2025, 54,17458-17470

suggest that the multi-stage pore structure of the new aerogel can not only provide high-density active
sites and increase charge storage, but also reduce internal charge-transfer resistance and improve power
density and cycling stability. This study presents a novel approach for exploring electrode materials for

mainly include transition metal oxides, such as ruthenium

oxide,'®'" nickel oxide,'*'* and manganese dioxide,"*"* as well
as conductive polymers'® such as  polypyrrole,"”’*®
polyaniline,'®?® and polythiophene.*'**

Two-dimensional graphene materials have a large specific
surface area and good conductivity, which have been widely
used as electrode materials,”>>® However, their propensity to
agglomerate easily restricts the electrochemical performance of
graphene materials and impacts their application.>”*®
Graphene sheets can be induced to overlap with each other, so
these sheets can self-assemble into graphene aerogels. The for-
mation of aerogels can not only effectively prevent the agglom-
eration of lamellar graphene but also facilitate an increase in
the specific surface area.”>*® Graphene aerogels have a three-
dimensional network structure, good conductivity, and a large
porosity and specific surface area. These characteristics make
them a viable electrode material option for supercapacitors.*'*

Polyoxometalates (POMs) are metal oxygen cluster com-
pounds formed by coordinating high oxidation state transition

This journal is © The Royal Society of Chemistry 2025
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metal ions with oxygen atoms according to a certain structure.
POMs have high redox stability and exhibit pseudocapacitive
electrochemical behavior, making them an ideal energy
storage material.>>” In recent years, numerous studies in the
literature have focused on coordination polymers or complexes
constructed from different types of polyoxometalates (POMs).
For instance, Keggin-type ([HPMo0,,0,0]>~ and
[PM01,040]>7),*%%° Wells-Dawson-type ([P,W;30¢,]°7),’° and
organophosphorus  Strandberg-type  ([(C¢H5PO3),M050;5])**
POMs serve as building units to form coordination polymers
or nanocage-cluster frameworks with metals such as Cu and
Ag, along with organic ligands. When utilized in super-
capacitors, these materials uniformly demonstrate outstanding
performance, thus further augmenting their potential appli-
cations within the energy-storage domains.

The electrode material should have high capacity, high rate
capability, and excellent cycling stability. However, it is chal-
lenging for a single-component electrode material to satisfy
these requirements concurrently. Consequently, multiple com-
ponents are frequently employed to construct composite
systems, leveraging the synergistic effects among the com-
ponents to obtain electrode materials with multiple excellent
properties coexisting.*>*® The effective combination of the two
materials can preserve the excellent electrical conductivity and
chemical stability of carbon materials and the high specific
capacitance and energy density characteristics of POMs.
Moreover, the synergistic interaction of multiple components
addresses the issues of low bandgap and poor conductivity of
pseudocapacitive materials, thereby improving the capacitance
of electrode materials.”’~** Polyoxometalate {Mo,} consists of
12 pentagonal {Mo}'} units and 30 {Mo} } units (Fig. 1). Owing
to the symmetrical icosahedral structure of this spherical
molecule, which bears a resemblance to the cosmic model
described by Kepler, {Mo,3,} is also referred to as “keplerates”.
Polyoxometalates possess the ability to store electrons while
also exhibiting a nanoporous structure.’*>> The presence of
micropores with a diameter of 3.2 A can enhance the
material’s specific surface area and increase the number of
active sites. So in this paper, a molybdenum-based spherical
POM cluster {Mo,3,} and graphene are combined to form

~2.9 nm

Fig. 1 Structural diagram of Mo;s,.
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three-dimensional porous aerogel electrode materials via the
hydrothermal method, and their electrochemical properties
are analyzed and discussed.

2. Materials and methods
2.1. Materials

Hydrazine sulfate (N,H4-H,SO,), ammonium molybdate tetra-
hydrate ((NH4)sM0,0,,4-4H,0), ammonium acetate
(CH3COONH,), glacial acetic acid (CH;COOH) and sodium
nitrate (Na,NO;z) were purchased from Tianjin Zhonglian
Chemical Co., Ltd. Graphite powder was purchased from
Tianjin Hongwu Materials Technology Co., Ltd. Sulfuric acid,
hydrochloric acid, potassium permanganate (KMnO,), hydro-
gen peroxide (H,0,), polyvinylidene fluoride (PVDF) and
N-methylpyrrolidone (NMP) were purchased from Tianjing
Fuyu Fine Chemicals Co., Ltd.

2.2. Preparation of GO

A mixture of graphite powder (3 g), sodium nitrate (1.5 g) and
concentrated sulfuric acid (69 mL) was immersed in an ice-
water bath for 30 minutes. Potassium permanganate (9 g) was
gradually added to the above solution. After 30 minutes, the
solution turned green. Then deionized water (250 mL) was
added and stirred for 20 minutes. Then, hydrogen peroxide
(45 mL) was added and stirred for 20 minutes. The product
was washed with deionized water until the solution reaches a
neutral pH. After centrifugation, the product was dried in an
oven for 24 hours to obtain graphene oxide (GO).

2.3. Preparation of the POM cluster {Mo,3,}

The synthesis of {Mo,3,} was adapted from a previous report.**
Briefly, hydrazine sulfate (0.8 g) was added to a solution of
ammonium molybdate tetrahydrate (5.6 g) and ammonium
acetate (12.5 g) in deionized water (250 mL). The solution was
stirred for 10 minutes and glacial acetic acid (50%, 83 mL) was
added. After 4 days, reddish-brown crystals were obtained and
washed with 90% ethanol. After drying, the final product
obtained was {Mo;;,} crystals.

2.4 Synthesis of {Mo,3,}/rGA composites

GO (30 mg) was dispersed in deionized water (15 mL) and
ultrasonic dispersion was performed for 15 minutes to prepare
a graphene suspension (2 mg mL™"). Then 7.5 mg, 5 mg, and
3.75 mg of {Mo,3,} were added to the graphene suspension,
respectively (corresponding to the {Mo3,}: GO ratios of 1:4,
1:6, and 1:8). The solution was dispersed using ultrasound
for 15 minutes. Then, the mixture was placed into a Teflon-
lined autoclave and maintained at 180 °C for 24 h to form a
reduced graphene oxide hydrogel. Finally, the synthesized
{Mo,3,}/rGA hydrogel was freeze-dried at —48 °C for 48 hours
to obtain a {Mo,3,}/rGA aerogel. Based on the ratios of {Moy3,}
to GO, the resulting composite materials are named {Moy3,}/

rGA-4, {Mo;3,}/tGA-6, and {Mo3,}/rGA-8, respectively.

Dalton Trans., 2025, 54,17458-17470 | 17459
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Fig. 2 Preparation process diagram of {Mo,3,}/rGA composites.

Additionally, a pure reduced graphene oxide aerogel was pre-
pared and named rGA (Fig. 2).

2.5 Calculation formula

The specific capacitance of electrodes was calculated from the
charge/discharge curves using the following equation:

I x At

C=—""5 (1)

T mx AV

where C (F g7') is the specific capacitance based on the mass
of active carbons, I (A) and At are the constant charge/dis-
charge current and discharge time measured in seconds, and
m (g) and AV (V) are the mass of active materials and the
potential window, respectively.

The energy density (E) and power density (P) were calculated
using the following equations:

1

E:EXCXVZ (2)
E

=— 3

A7 (3)

The ion diffusion coefficient was calculated according to
the equation:

i(v) =axuv® (4)
i(V) = kyw + kov'/? (5)

where i is the current density, v and V are the scanning rate
and potential, and b is an important metric to evaluate the
charge-storage kinetics. Also, k;v and kuw'? represent the
surface-controlled and  diffusion-controlled  processes,

respectively.

2.6 Material characterization

X-ray diffraction (XRD) was performed using a D/max-yB X-ray
diffractometer from Rigaku Corporation, Japan. The character-
ization parameters included copper target Ko radiation with a
wavelength of 0.154 nm and a scanning angle 26 range of
5-90°. The structural features and functional groups of the

17460 | Dalton Trans., 2025, 54, 17458-17470
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{Mo;3,}/rGA aerogel

system were analyzed by Fourier Transform Infrared (FTIR)
spectroscopy using an ALPHA II Fourier transform infrared
spectrometer from Bruker Corporation, Germany. An ESCALAB
Xi+ X-ray photoelectron spectrometer manufactured by
Thermo Fisher Scientific was used to test the binding form
and valence state changes of materials. The samples were
characterized within a wavenumber range of 500-4000 cm™".
The morphological structure of the cross-sectional surface of
the sample was observed using a scanning electron microscope
(SEM, FEI Sirion-200). The operating voltage was set at 10 kV.
The specific surface area was measured using an Autosorb IQ
instrument from Quantachrome Instruments, USA. The
sample was degassed at 60 °C for 6 hours. Measurements were
conducted in full-pore analysis mode under a nitrogen
atmosphere.

2.7 Preparation of electrodes and electrochemical
measurements

{Mo;3,}/rGA (8 mg) was mixed with conductive carbon black
(1 mg), and then polyvinylidene fluoride (1 mg) was added and
ground evenly. N-Methylpyrrolidone (NMP, 60 pL) was dropped
into the mixed powder to obtain a viscous slurry. The slurry
was spread evenly onto a prepared nickel foam sheet (1 cm x
1 cm) and vacuum dried in an oven at 60 °C for 24 hours. After
drying, a pressure of 10 MPa was applied to the nickel sheet
for about 10 seconds to obtain the working electrode ready for
use.

A three-electrode cell system was set up to assess the
electrochemical performance using an electrochemical work-
station CH700E. The potentials and current were measured
concerning the mercury oxide electrode as a reference elec-
trode. Platinum wire and nickel foam with active materials
were used as the counter and working electrode, respectively.
The electrochemical performance was evaluated by testing
using cyclic voltammetry (CV), constant current charge dis-
charge (GCD), alternating current impedance (EIS), and
cycling stability in the electrolyte solution (0.5 M KOH). Cyclic
voltammetry measurements were performed at various scan
rates in a potential range from —1 to 0 V.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) XRD patterns of the composite materials with different ratios. (b) FTIR spectra of the composite materials with different ratios.

3. Results and discussion

It can be observed from Fig. 3(a) that the characteristic diffrac-
tion peak of GO is located at approximately 26 = 11.3°, corres-
ponding to the (001) crystal plane. The diffraction peak is
associated with an increase in interlayer spacing. This indi-
cates that the formation of GO is mainly attributed to the
introduction of oxygen-containing groups into the interlayer
spacing during the oxidation process, which leads to structural
expansion. After undergoing a hydrothermal reaction, two
weak and broad diffraction peaks were observed at around 26 =
24° and 43° in the {Moi3,}/rGA-4, and {Mo;3,}/rGA-6 and
{Mo,3,}/rGA-8 samples, corresponding to the (002) and (100)
lattice planes of graphite-like crystallites. The XRD patterns
confirmed that GO undergoes deoxygenation during hydro-
thermal reduction to form reduced graphene oxide.

As shown Fig. 3(b), the hydroxyl group in GO has a charac-
teristic peak at 3400-3200 cm™', and the three composite
systems in the figure do not exhibit a distinct peak at this
wavelength, suggesting that the hydroxyl group has been
reduced and removed. A weak peak emerges at 2980 cm™ "
(refer to the long dashed line), which mainly corresponds to
the absorption peak of the alkyl group generated after
reduction. The curves of the three systems all display weak
peaks near a wavelength of 2330 cm™", close to the absorption
peak of CO,. It is likely that the CO, in the environment was
not completely discharged during the testing process, result-
ing in interference peaks. The stretching vibration peaks of
carboxylic acid groups (-COOH) and carbonyl groups (C=0) at
1735 cm™" (refer to the long dashed line) show a decrease in or
even disappearance of intensity after reduction, indicating that
carboxylic acid groups have been reduced to other structures
(such as alkyl or vinyl). Similarly, a strong peak appears at
1520 em™" (refer to the long dashed line), corresponding to
the absorption peak of the alkyl functional group generated
after reduction, and its peak intensity is related to the
reduction conditions. The strong absorption peak at 970 cm™"
corresponds to the stretching vibration mode of the molyb-

This journal is © The Royal Society of Chemistry 2025

denum-oxo double bond (Mo=0). The characteristic peaks of
{Mo,3,} are mainly distributed in the region below 900 cm™".
The three {Moi3,}/rGA composites also exhibit a series of
characteristic peaks corresponding to {Mo;,} at approximately
600 cm™', indicating successful composite formation between
{Mo,3,} and rGA (refer to the dotted box).

X-ray photoelectron spectroscopy (XPS) tests were per-
formed on the {Mo;3,}/rGA-6 electrode both before and after
cycling. Fig. 4(b) presents the high-resolution spectrum of C
1s, with peaks corresponding to C=0 (288.8 eV), C-O (286.0
eV), and C-C bonds (284.8 eV). A n-n* shake-up satellite peak
emerged at 290.75 eV, suggesting a high degree of graphitiza-
tion and efficient charge transfer. Fig. 4(c) shows two pairs of
Gaussian peaks in the high-resolution spectrum of Mo 3d at
binding energies of 236.2 eV and 232.7 eV, corresponding to
Mo 3d3/, and Mo 3ds,, respectively. This indicates that Mo is
in the vi oxidation state. When comparing the C 1s high-
resolution spectra of the {Mo;3,}/rGA-6 electrode before and
after cycling (Fig. 4(b) and (e)), no significant differences were
observed in the C 1s spectra. This implies that the rGA skel-
eton remained intact and there was no element loss. In com-
parison with the high-resolution spectra of Mo 3d (Fig. 4(c)
and (f)), no significant peak position shift was detected. It can
be inferred that the {Mo;3,}/rGA-6 electrode material demon-
strates excellent cycling stability.

As shown in Fig. 5(a), a small number of graphene flakes
are distributed in the system (see the circled area), and granu-
lar polyacids cover the surfaces of the layers, while the majority
of the graphene is in the form of curled flakes. Additionally,
numerous large holes in the architecture penetrate the entire
system. Due to the large size of the holes (as shown by the
straight line in the figure), the walls between the holes are
thin, making it difficult to form a complete hole wall. As
shown in Fig. 5(b), with an increase in graphene content, the
number of layered graphene sheets in the system increases,
the pore size significantly decreases, the number of pore walls
increases, and the thickness increases. As shown in Fig. 5(c),
as the graphene content further increases, the phenomenon of

Dalton Trans., 2025, 54,17458-17470 | 17461
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Fig. 4 (a and d) Full XPS spectra of the {Mo13,}/rGA-6 electrode samples before and after cycling; (b and e) C 1s XPS peaks of the {Mo;3,}/rGA-6

electrode samples before and after cycling; and (c and f) Mo 3d XPS peaks of the {Mo;3,}/rGA-6 electrode samples before and after cycling,

respectively.
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Fig. 5 SEM images of the composite materials with different ratios of {Mo;3,} and rGA. (a) {Mo13,}/rGA-4; (b) {M013,}/rGA-6; (c) {M013,}/rGA-8; and
(d) element proportion.

layer overlap becomes more pronounced, resulting in a
decrease in the number of pores in the system, a significant
reduction in pore size, a weakening of spatial penetration, and
a more tightly-packed composition structure. As demonstrated
in Fig. 5(d), as the GO content gradually increases, the Mo

content gradually decreases.

17462 | Dalton Trans., 2025, 54,17458-17470

As shown in Fig. 6(a), the adsorption-desorption curves of
the four systems exhibit similar shapes, characterized by type
IV isotherms and H3 hysteresis loops, indicating the presence
of numerous mesopores in the material. The red curve lies
slightly higher than the other curves at lower relative pressures,

indicating a certain number of micropores in the {Moj3,}/

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Adsorption—desorption isotherms and (b) pore size distribution of the composite materials with different ratios.

rGA-6 system, which exhibits nitrogen absorption at low rela-
tive pressures. Fig. 6(b) shows an analysis diagram of pore size
distribution, where the ordinate represents the rate of change
in pore volume with respect to the logarithm of pore size. At a
pore size of 2 nm, the curve peak of the {Mo,3,}/rGA-6 system
is the highest, indicating that this sample has the highest
number of micropores. Through calculation, the micropore
areas of {Mo 3,}/rGA-4, {Mo0;3,}/rGA-6, {Mo0;3,}/rGA-8, and pure
rGA are 14.048, 47.390, 1.258, and 2.759 m> g™, respectively.
The figures show that the mesopore distributions of the four
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systems are relatively similar, with no significant disparities.
However, the {Mo;3,}/tGA-6 system has the largest micropore
area, resulting in the highest specific surface area of
207.114 m” g™, while the specific surface areas of the other
three systems are 193.956, 112.198, and 96.327 m” g™, respect-
ively. This outcome is in agreement with the conclusions
obtained from the analysis of the scanning images.

As illustrated in Fig. 7, the cyclic voltammetry (CV) curves
exhibit a morphological transition from rectangular-like pro-
files to spindle-shaped configurations with increasing scan
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Fig. 7 CV curves of various systems with different ratios of {Mo;3,} and rGA. (a) {Mo;3,}/rGA-4; (b) {M0;3,}/rGA-6; (c) {Mo,3,}/rGA-8; and (d) pure

rGA.
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rGA.

rates, which strongly indicates the predominance of an electric
double-layer capacitive (EDLC) mechanism. The progressive
enlargement of the CV integrated area at higher scan rates is
attributed to decreased diffusion layer thickness. This
reduction induces an accumulation of electroactive species at
the electrode surface, thereby amplifying the interfacial con-
centration gradient. Consequently, the intensified mass trans-
port kinetics enhance the current response, which is mani-
fested as expanded CV curve areas. Calculation results show
that the ratios of the oxidation peak current to the reduction
peak current under different conditions are 0.956, 0.949,
0.944, and 0.961, all approaching 1.0. Additionally, the sym-
metry observed in the cyclic voltammograms across varying
scan rates suggests that the reaction demonstrates a certain
degree of reversibility.

As depicted in Fig. 8, almost all the galvanostatic charge-
discharge (GCD) curves at different current densities exhibit
an isosceles triangular shape. The slopes of the charge-dis-
charge curves for each set of samples are essentially equi-
valent, with no apparent plateaus, indicating that charge
storage is predominantly governed by physical adsorption and
encompasses rapid ion adsorption-desorption processes. The
electron transfer between Mo,3, and rGA takes place through
the Mo”*/Mo®" redox active site, in combination with the two-
dimensional conjugated structure of rGA and the electron
transfer characteristics of the z-electron cloud. The two sub-
stances interact with one another, and the valence state

17464 | Dalton Trans., 2025, 54,17458-17470

Table 1 Summary table of rGO as a supercapacitor electrode material

Current density Cj,

Electrode Electrolyte (Ag™) (Fg™) Ref.
Co-POM/GO 1M H,SO, 0.5 211.3 56
HPW/rGO 5M H,S0, 0.5 156.9 57
MOF@3D GO 6 M KOH 0.5 214 58
rGO/Ppy/Zn-MOF 6 MKOH 1 175 59

MOF 5-GO 6 M KOH 3 180.45 60

SN-GA 6 M KOH 1 244 61
PANI/GO/Cr-MOF 2 M HClO, 0.5 243.125 62
{Mo;3,}/rGA 0.5MKOH 1 279.8 This work

cycling of Mo>*/Mo®" in Mo, 3, brings about electron storage
and release. After electrons transfer to rGA via Mo,3,, they are
rapidly transferred through its w-bond network. The mass-
specific capacitance of each electrode material can be calcu-
lated using formula (1). The mass-specific capacitances of
{MO013,}/TGA-4, {MO;3,}/rGA-6, {MO013,}/rGA-8, and rGA are
215.7 Fg™',279.8 Fg~',202.7 F g™, and 185.4 F g, respect-
ively. This indicates that {Mo3,}, acting as a pseudocapacitive
component, significantly contributes to the enhancement of
electrode performance. Table 1 demonstrates that the incor-
poration of {Mo,s,} improves the performance of super-
capacitor electrode materials.

To deeply explore the kinetic characteristics of the {Mo3,}/
rGA-6 electrode, based on the cyclic voltammetry (CV) curve,

This journal is © The Royal Society of Chemistry 2025
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the contribution rates of surface control and diffusion control
were calculated using the formula described in the Materials
and methods section. The values typically range between 0.5
and 1. When the b value is 0.5, it indicates that the battery
exhibits slow kinetic characteristics, whereas when the b value
is 1, it indicates that the capacitor possesses ideal fast kinetic
behavior. In Fig. 9(a), for the {Mo,3,}/rGA-6 electrode, the cal-
culated b value is approximately 0.889, indicating that its char-
ging and discharging processes are simultaneously influenced
by both surface control and diffusion control. However, since
this b value is closer to 1, it is clear that surface control behav-
ior predominates. In Fig. 9(b), the blue bars represent the
surface-controlled capacitance, while the orange bars represent
the diffusion-controlled capacitance. As the scan rate
increases, the surface-controlled capacitance increases from
66% to 86%, whereas the diffusion-controlled capacitance
decreases from 34% to 14%. This indicates that the energy
storage of the sample primarily relies on the rapid charge
adsorption-desorption mechanism on the surface. At a high
scan rate of 100 mV s, the specific capacitance of the
surface-controlled capacitance remains relatively high, and the
decrease in the specific capacitance of the diffusion-controlled
capacitance is gradual. This indicates that the material pos-
sesses both rapid charge transfer and ion diffusion capabili-
ties, making it suitable for high-power applications.

Fig. 9(c) depicts the Nyquist plots of various systems tested
at frequencies ranging from 0.01 Hz to 100 kHz. The Nyquist

This journal is © The Royal Society of Chemistry 2025

plot provides insights into the impedance characteristics and
interfacial electrochemical behaviors of these systems. At low
frequencies, the curves exhibit a linear trend, while at high fre-
quencies, they form a semicircular shape. The inset reveals
that all samples exhibit a standard and well-defined semicircu-
lar shape at high frequencies, indicating that they have a
uniform and stable interface. Among these, the red curve has
the smallest radius, while the pink curve has the largest
radius. The diameter of the semicircle corresponds to the
charge transfer resistance (R.). The charge-transfer resistances
of {Mo0y3,}/rGA-4, {M043,}/TGA-6, {M0;3,}/rGA-8, and pure rGA
are 2.385 Q, 1.916 Q, 2.578 Q and 2.861 Q, respectively. A
smaller radius implies a lower charge transfer resistance, facili-
tating easier charge transfer and better conductivity. This
implies that the {Mo43,}/TGA-6 system exhibits the best conduc-
tivity. At low frequencies, all curves indicate an almost vertical
linear trend. The inset further indicates that the red curve has
the steepest slope at low frequencies, demonstrating that the
{Mo43,}/rGA-6 system exhibits the most pronounced capacitive
behavior. The previous characterization and performance
testing results show that {Mo,3,}/rGA-6 has certain advantages
over other groups. Consequently, its cyclic stability was tested,
as shown in Fig. 9(d). After 20 000 cycles, the {Mo;3,}/TGA-6
achieves a coulombic efficiency of 92.41%, approaching 100%,
with minimal fluctuations. This demonstrates its high electro-
chemical stability, making it suitable for applications requir-
ing long-term durability.
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A symmetric capacitive device was assembled using
{Mo043,}/rGA-6 as both the cathode and anode. Fig. 10(b) dis-
plays the CV curves of the symmetric device in different
voltage windows. These curves exhibit quasi-rectangular closed
loops formed by forward and reverse scans with a slight tilt,
reflecting the characteristics of a hybrid energy storage mecha-
nism. Fig. 10(c) presents the CV curves at various scan rates,
showing no distinct redox peaks, which indicates the domi-
nant role of electric double-layer capacitance (EDLC). Minor
elliptical distortion suggests the presence of certain pseudo-
capacitive behavior. The high symmetry between forward and
reverse scans demonstrates excellent reversibility of the device.
As shown in Fig. 10(d), the GCD curve exhibits nonlinear
characteristics, which are consistent with the pseudocapacitive
properties of the material. As shown in Fig. 10(e), the device
exhibits a distinct semicircular arc in the high-frequency
region, indicating the presence of a certain charge transfer re-
sistance. Meanwhile, a clear linear curve is observed in the
low-frequency region, suggesting the existence of charge
diffusion behavior. The equivalent circuit in the inset diagram

17466 | Dalton Trans., 2025, 54, 17458-17470

includes the solution resistance (R;), charge transfer resistance
(Rct), constant phase element (CPE), and Warburg impedance
(w,). These parameters enable quantitative analysis of the reac-
tion kinetics of the electrode, interfacial properties, and mass
transport limitations. The device demonstrates a capacitance
retention rate of 77.97% after 10 000 cycles at a current density
of 10 A g7 (Fig. 10(f)). The coulombic efficiency of the device
is nearly 100%. The device exhibits a specific capacitance of
100.6 F ¢~ " at a current density of 1 A g”*. Moreover, it exhibits
only a minor voltage drop of 0.149 V (Fig. 10(g)).

According to the Ragone plot (Fig. 10(h)), the energy
density shows a relatively gradual variation trend with increas-
ing power density. When the power density increases from 750
W kg™" to 7499.88 W kg™, the energy density decreases from
31.44 Wh kg™ to 12.7 Wh kg™, indicating that even with a sig-
nificant increase in power density, the decrease in energy
density remains relatively slow. Compared with the data
reported in other literature, where activated carbon (AC) is
used as a electrode to fabricate asymmetric capacitors, such as
the AC//PPG-15 asymmetric supercapacitor device (24.65 Wh

This journal is © The Royal Society of Chemistry 2025
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kg™ at 326.25 W kg '),** the Ni-MOF/rGO//AC asymmetric
supercapacitor (17.13 Wh kg™ at 750 W kg™),°* and some
supercapacitors with symmetrical electrodes, such as
PMoW-PDDA-RGO//PMoW-PDDA-RGO (6.15 Wh kg™* at 250 W
kg™),% PAGH//PAGH (26.5 Wh kg™ at 5135 W kg "),
NSeGA//NSeGA (26.3 Wh kg™ at 900 W kg™),%” the results
indicate that {Mo;3,}/rGA-6//{M013,}/rGA-6 has certain per-
formance advantages. This outstanding rate capability can be
attributed to the low internal resistance of the device system
and the fast reaction kinetics of the electrode.

4. Conclusion

The introduction of pseudocapacitive polyoxometalate nano-
spheres {Moy3,}, combined with graphene’s electric double-
layer capacitive behavior, creates a synergistic effect that sig-
nificantly enhances the material’s electrochemical perform-
ance while moderately increasing its specific surface area. The
specific surface areas of {Mo3,}/rGA-4, {M0;3,}/rGA-6, {M0,3,}/
rGA-8, and pure rGA are 193.956 m> g~!, 207.114 m® g,
112.198 m* ¢™! and 96.327 m* g%, respectively. The electro-
chemical performance of the three {Mo;3,}/tGA composites
was improved with varying degrees of improvement compared
to that of pure rGA. CV tests revealed that {Mo;,}/rGA-4,
{Mo043,}/tGA-6, and {Mo,3,}/rGA-8 exhibited larger scan areas
than pure rGA under identical testing conditions, indicating
their enhanced charge storage capacity within the same
voltage window and higher electrical conductivity. This con-
clusion was further corroborated by the EIS data, where the
charge transfer resistances of the three {Mo,;,}/rGA compo-
sites and pure rGA were found to be 2.385 Q, 1.916 Q, 2.578 Q,
and 2.861 Q, respectively. The three {Mo;3,}/rGA composites
exhibited lower charge transfer resistance than pure rGA.
Moreover, the degree of electrochemical improvement varied
with the polyoxometalate content, with {Mo,3,}/rGA-6 exhibit-
ing superior performance compared to {Mo3,}/rGA-4, {Mo0,3,}/
rGA-8, and pure rGA. The symmetric supercapacitor based on
{Mo,3,}/rGA-6 delivers a high energy density of 25 Wh kg™* at
a power density of 1490 W kg™". After 10 000 cycles at 10 A g™,
the specific capacitance retention remains as high as 77.97%,
with the coulombic efficiency approaching 100%.
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