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Graphene-Vanadium Oxide Heterojunction Boosting
Electron—lon Coupling for Ultrahigh Energy Density Carbon

Fiber Structural Supercapacitors

Heng Zhou, Jing Wang, Laifa Shen,* Penghua Liang, Xin Xu, Boman Li, Zheng Zhang,
Xingrong Zhu, Zhihan Kong, Jun Guo, Dingwei Ji, Longbiao Yu, Kang Yan, Linfeng Hu,*

and Kongjun Zhu*

The rapid advancement of drone logistics and electric aviation has created a
growing demand for carbon fiber structural supercapacitors (CF-SSCs) that
combine energy storage with lightweight and structural functionality.
However, achieving high energy density remains challenging due to the
chemical inertness of carbon fiber. In this work, it is demonstrated that
H,V;0;/rGO is a promising and high-performance electrode coating for
carbon fiber structural supercapacitors that possess both ultrahigh energy
density and load-bearing functionality. Herein, a simple and efficient one-step
high-temperature mixing hydrothermal method is developed to synthesize
H,V;0;/rGO. Density functional theory calculations reveal that strong
interfacial synergy between rGO and H,V;O, promotes electron transport
and Lit diffusion, boosting efficient electron—ion coupling. The device
exhibits high capacitance (964 mF g~') and exceptional energy density
(502.1 mWh kg~), exceeding previously reported values. Remarkably, it
maintains 88% capacitance retention after 5000 cycles at 3 A g~ under a
compressive load of 120 kPa, exceeding the 83% retention without load,
demonstrating excellent electrochemical load-bearing stability. In addition, the
device shows robust mechanical properties (127.2 MPa tensile strength,
6.95 GPa tensile modulus) and high safety, offering strong potential for
practical application. This study proposes a promising strategy for designing
CF-SSCs with high energy density.

1. Introduction

With the rapid development of electric
aircraft and unmanned aerial vehicles
worldwide,!! energy storage systems are
subject to increasingly stringent require-
ments to achieve high energy density, low
weight, and reliable structural load-bearing
capability simultaneously.[>3] In traditional
power supply systems, structural compo-
nents and energy storage units are physi-
cally and functionally separate. Structural
components lack energy storage capability,
and their considerable weight severely lim-
its the overall energy density of the system.
Energy storage units cannot bear mechan-
ical loads and are susceptible to thermal
runaway risks.*l Therefore, structural
energy storage technologies have gradu-
ally emerged.’) Among these, CF-SSCs
(Carbon Fiber Structural Supercapacitors)
integrate carbon fiber (CF) electrodes with
epoxy resin-based solid electrolytes, simul-
taneously provide mechanical load-bearing
and energy storage capabilities.l'®12] This
multifunctional ~design offers signifi-
cant potential to replace conventional
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structural components and enhance the overall energy density of
the system.[']

Carbon fibers (CFs) exhibit high strength,['*15] low weight,**)
and good electrical conductivity.'®!”] However, their intrinsically
low specific surface area and chemical inertness present ma-
jor challenges for their use as electrodes, severely limiting their
charge storage capacity.'®l Therefore, recent research has fo-
cused on modifying the CF surface by introducing various pseu-
docapacitive materials, including transition metal oxides(!*-28
and conducting polymers.[?3] Among these, metal oxides have
become central to pseudocapacitor research due to their multi-
ple valence states and high theoretical capacitance. For example,
Sha et al.B! reported a structural supercapacitor based on CF
electrodes modified with vertical graphene (VG) and manganese
dioxide (MnO,), achieving an areal capacitance of 30.7 mF cm™2.
Deka et al.??l developed a structural supercapacitor based on
ZnO nanorods grown on CF fabric, which resulted in a signifi-
cant increase in specific capacitance from 0.2 to 18.8 F g~!. Pseu-
docapacitive CF-SSCs store charge through fast and reversible
redox reactions and offer higher specific capacitance and energy
density compared to electric double-layer CF—-SSCs.[3*-3%] There-
fore, the incorporation of pseudocapacitive mechanisms is widely
recognized as a key strategy for enhancing the energy storage per-
formance of CF-SSCs.

Among various metal oxides, H,V,0q is a layered hydrated
vanadium oxide featuring a wide voltage window,[**l high specific
capacitance,“!l and large interlayer spacing. The presence of both
V*# and V°* oxidation states enables multiple redox reactions,
making it an excellent pseudocapacitive material.[*?l H,V,Oq has
demonstrated promising energy storage performance in aqueous
supercapacitors!*’! and secondary batteries.[**-*¢] However, its ap-
plication in CF-SSCs remains unexplored, and further investiga-
tion is needed. Notably, H,V, Oy still suffers from low electrical
conductivity and structural instability caused by volume expan-
sion during charge/discharge processes, resulting in poor rate
capability and cycling stability. Incorporating conductive materi-
als is an effective strategy to enhance the overall conductivity of
the electrode. Hu et al.[**] developed a V,0,-H,0/CNT/rGO com-
posite with a 3D porous structure via a one-step hydrothermal
self-assembly strategy, exhibiting excellent specific capacitance
and cycling stability (99.7% retention after 10 000 cycles) in aque-
ous supercapacitors. Liang et al.l*’] synthesized H,V;04/MXene
composite via a one-step high-temperature mixing hydrother-
mal method (HTMM), where interfacial electric field effects pro-
moted Zn?* diffusion and enhanced pseudocapacitive reactions,
enabling excellent performance at high rates and over long cy-
cling periods. Reduced graphene oxide (rGO), a 2D material with
high electrical conductivity and large surface area, has received
increasing attention. Combining rGO with active materials can
significantly improve their conductivity and enhance overall elec-
trochemical performance.[*8-50]

Here, we propose a simple and efficient one-step HTMM
to synthesize H,V,;0,4/rGO heterojunction. For the first time,
a carbon fiber structural supercapacitor (H,V;04/rGO@CF-
SSC) was fabricated using H,V;04/rGO as the electrode coat-
ing. The electrochemical performance, capacitance retention un-
der load, mechanical tensile properties, and safety performance
of H,V,0, /rGO@CF-SSC were systematically investigated. No-
tably, the designed H,V;0,4/rGO@CF-SSC achieves ultrahigh
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energy density, which exceeds that of previously reported CF-
SSCs. Furthermore, kinetic analysis and density functional the-
ory (DFT) calculations reveal the underlying mechanism of the
interfacial synergy between rGO and H,V,Oq in enhancing elec-
trochemical performance. This study fills the gap in vanadium
oxide-based CF-SSCs, and provides a rational and effective ap-
proach to increase the energy density of CF—SSCs.

2. Results and Discussion

2.1. Characterization of Materials

H,V;04/rGO was synthesized via a simple and efficient one-
step high-temperature mixing method, as illustrated in Figure 1a.
Previous studies have demonstrated that this method effectively
shortens the synthesis time and improves both the crystallinity
and purity of the product.’*5IThe microstructure of H,V,04
and H,V;0,/rGO was characterized by field-emission scanning
electron microscopy (FE-SEM) and transmission electron mi-
croscopy (TEM). As shown in Figure 1b and Figure S1a (Support-
ing Information), pristine H,V,0q exhibits a densely stacked,
regular nanorod morphology, suggesting that interactions dur-
ing synthesis promote spontaneous stacking. The introduction
of rGO mitigates excessive nanorod stacking, increases the ex-
posure of active sites, and facilitates ion transport. TEM images
(Figure 1c; Figure S1b, Supporting Information) further confirm
that H,V,;Og4 nanorods are in close contact with rGO flakes, form-
ing a 3D conductive network with a well-defined heterojunction
interface. The rGO provides high specific surface area and excel-
lent electron conductivity, whereas H,V,;O4 contributes Faradaic
charge storage as a pseudocapacitive material. The synergistic
interaction between these components enhances electron trans-
port and establishes a favorable interfacial environment for rapid
Faradaic reactions.

The high-resolution transmission electron microscopy
(HRTEM) image of H,V;0,/rGO (Figure 1d) reveals lattice
fringes with a spacing of 0.467 nm, corresponding to the (020)
plane of H,V,0,. Disordered regions attributable to rGO are
also evident, confirming the coexistence of both phases within
the composite. The selected—area electron diffraction (SAED)
pattern (Figure 1le) displays distinct polycrystalline rings in-
dexed to the (002), (210), and (011) planes, confirming the
polycrystalline nature of H,V,;04/rGO, which may facilitate
multidirectional ion diffusion. The high-angle annular dark
field (HAADF) image (Figure 1f) and the corresponding en-
ergy dispersive X-ray (EDX) elemental mapping (Figure 1g—i)
further verify the uniform distribution of V on rGO, indicat-
ing the successful integration of H,V,04 nanorods with rGO
sheets, which is beneficial for enhancing the electrochemical
performance.

As shown in Figure 2D, the diffraction peaks of H,V,0,4/rGO
are located at the same positions as those of H,V;0, nanorods,
indicating that the crystal structure remains stable after com-
positing with rGO, without the formation of any impurity
phases. This structural integrity preserves the layered framework
composed of VO, octahedra and VO trigonal bipyramidsi®?
(Figure 2a). Moreover, the presence of water molecules within
the interlayer spacing acts as structural pillars, expanding the in-
terlayer distance, which is essential for maintaining efficient Li*
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Figure 1. Morphology characterization of H,V;034/rGO: a) Schematic of the synthesis process for H,V;Og/ rGO. b) FE-SEM image. c) TEM image.
d) HRTEM image. e) SAED spectrum of H,V;Og/rGO. f) HAADF image. g—i) Corresponding EDX mapping.

diffusion pathways along the layered structure. The Raman spec-
tra of the samples provide further structural insight. As shown in
Figure 2¢, H,V,04 exhibits characteristic peaks at 139.4, 282.6,
405.8, 522, 688.4, 875.4, and 992.2 cm™!, corresponding to its
orthorhombic crystal structure. The peak at 139.4 cm™ is at-
tributed to the stretching mode of (V,0,), chains. Peaks at 282.6
and 405.8 cm™! are associated with the bending vibrations of
V=0 bonds, whereas those at 522.0, 688.4, and 875.4 cm™' cor-
respond to the stretching vibrations of V;—0 and V,—O bonds,
respectively. The peak at 992.2 cm™ is related to the stretch-
ing vibration of terminal oxygen. These characteristic peaks re-
main present in H,V;04/rGO, indicating strong interaction be-
tween H,V,0, and rGO. Additionally, Figure S2 (Supporting In-
formation) presents the Raman spectrum in the 1150-1650 cm ™
range. H,V;0,/rGO displays distinct D (%1350 cm™') and G
(~1590 cm™) bands, typical of rGO. The D band originates from
structural defects and disordered regions in graphene sheets,
while the G band arises from the in-plane vibrations of sp? hy-
bridized carbon atoms. The presence of both bands further con-
firms successful integration of rGO with H,V,0y, indicating
the formation of a composite structure with strong interfacial
interaction.

The specific surface area was measured using nitrogen
adsorption—desorption isotherms. As shown in Figure 2d and
Figure S3 (Supporting Information), H,V;04/rGO exhibits a
higher surface area (22.552 m? g~!) than H,V,0O; (18.713 m? g1)
and is rich in mesopores. The increased surface area provides
more electrochemically active sites and facilitates electrolyte pen-
etration, promoting rapid Li* diffusion and enhancing charge
storage performance.
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The surface chemical composition and elemental valence
states were analyzed by X-ray photoelectron spectroscopy (XPS).
As shown in Figure 2e, the survey spectra reveal the presence
of V, O, and C in both H,V,;04 and H,V;04/rGO, with no ad-
ditional elements detected. The high-resolution V 2p XPS spec-
trum (Figure 2f) confirms the coexistence of V** and V>* ox-
idation states. This mixed-valence state promotes fast and re-
versible surface redox reactions, beneficial for enhancing pseu-
docapacitive performance. In the high-resolution O 1s spec-
trum (Figure 2g), the peaks at 530.1, 531.0, and 532.8 eV cor-
respond to O—V°*, HO—V, and O—V** bonds, respectively.[>*4]
The high-resolution C 1s spectrum (Figure S4, Supporting In-
formation) displays three peaks attributed to C—C, C—0O, and
C—O functional groups.’® These oxygen-containing functional
groups may form hydrogen bonds or weak coordination interac-
tions with H,V,Og, improving interfacial contact and facilitating
electronic coupling at the heterointerface.

2.2. Characterization of Electrochemical Performance

The preparation process for the epoxy resin-based electrolyte and
the assembly flowchart for H,V; 04 /rGO@CF-SSC are shown in
Figure 3a. To determine the optimal operating voltage window for
H,V,0,/rGO@CF-SSC, cyclic voltammetry (CV) tests were per-
formed on H,V;0, @ CF-SSC across a voltage range of 1.5-2.5V
(Figure 3b). The CV curve at 2.0 V exhibits the most symmetric
and stable shape, indicating high coulombic efficiency and mini-
mal polarization during charge—discharge processes. As shown
in Figure 3c, CV curves were recorded at various scan rates.
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Figure 2. Structural characterization of H,V;04/rGO: a) Crystalline structure of H,V;Og. b) XRD patterns. c) Raman spectra. d) N, adsorption—

desorption isotherms and pore size distribution. e) XPS spectra. f-g) High-

At alow scan rate (10 mV s7), distinct redox peaks are observed,
demonstrating the reversible redox behavior of H,V,0,/rGO,
which is characteristic of pseudocapacitive charge storage. As the
scan rates (up to 100 mV s7!), the redox peaks become less pro-
nounced, but the curves remained nearly symmetric, suggesting
fast and reversible charge transfer process. These results indi-
cate that the energy storage mechanism in H,V;0,4/rGO@CF-
SSC is primarily governed by surface-controlled pseudocapac-
itive behavior. The galvanostatic charge-discharge (GCD) pro-
files of H,V;04/tGO@CF-SSC at various current densities are
presented in Figure 3d. At a current density of 0.1 A g1, the
specific capacitance based on active material reaches 82 F g~!
(964 mF g~!, based on the total device mass), with a coulombic
efficiency approaching 90%. Figure 3e summarizes the specific
capacitance values at different current densities.

The effect of rGO on electrochemical performance is illus-
trated in Figure 3f,g. H,V;04/rGO@CF-SSC exhibits a sig-
nificantly larger CV curve area and current response than
H,V,;0,@CF-SSC at 10 mV s~!. Similarly, higher specific capac-
itance is maintained at various current densities, consistent with

Adv. Mater. 2025, e14323 el14323

resolution XPS spectra of V and O in H,V;03/rGO.

the CV results. This enhancement is primarily attributed to the
increased conductivity of rGO, which facilitates fast charge trans-
fer. Cycling stability evaluated at 0.1 A g~!(Figure S5, Supporting
Information) shows that after ~50 cycles, H,V;0,/rtGO@CF-
SSC retains a specific capacitance of 74.6 F g1, notably higher
than H,V,0,@CF-SSC (48.6 F g7') and capacity retention is
maintained at 88%, compared with only 61% for H,V,0,@CF-
SSC. At a high current density of 3 A g7!, H,V,04/rGO@CF-
SSC retained 83% of its capacity after 5000 cycles, outperform-
ing H,V;0,@CF-SSC, which retains 72% (Figure 3h). These
results demonstrate that the rGO conductive network not only
enhances specific capacitance but also mitigates volume ex-
pansion during cycling,**>% thereby substantially improving
long—term cycling stability. Figure S6 (Supporting Information)
presents the variation of energy density and power density for
H,V;0,4/rGO@CF-SSC at different current densities. Based
on the total mass of the device, the maximum power density
reaches 11.34 W kg™!, and the maximum energy density achieves
502.1 mWh kg=1(0.502 Wh kg™, based on the total device mass),
exceeding previously reported values (see Figure 3i; Table S1,

(4 of 12) © 2025 Wiley-VCH GmbH

85U017 SUOWILLOD 8A1E81D) 3|qeot|dde ay) Aq peusenob a1e sejole YO ‘85N JO S3|N 10} ARIq1T 8UIUO A8]IAA UO (SUONIPUOD-PUE-SWLBI W00 A8 1M AReq) 18Ul [UO//:SdnY) SUORIPUOD pue SWIB | 81 88S *[5202/0T/80] Uo ARiqiTauliu A8|iM ‘ AISBAIUN 1828Unos - Busjul| NH Ad £ZEFTSZ0Z BWIPe/Z00T 0T/I0p/W0d" A8 | 1M Ae1q | pul U0 peoueADe//Sdiy Wwo.y papeojumod ‘0 ‘S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

I
a 1N LITFSI “, | PEGDGE ¥
1PC '\ 7 TETA
| . ’
| 7 Stirring 7 stirring
| oE | [
! - Ar12h Ar 2h
|

EMIm-TFSI

LE(EMIm-TFSI+ LITFSI)

J EEEEEEEE——

.9
Y o ¢
b v

Solid electrolyte precursor

i Layer - S
GF " Ar 80°C 3h

www.advmat.de

I
|
|
I
I
|
I
I
|

(2

\
H;V;04/rGO H,V,0,/rGO@ CF PTFE release film
4 25
b dlB C py—mmvb d
IO) IO) 20
< os < 2]—s50mvs s
> -1 s
%; %\ 100 mVs/ 4 815
c 0.0 g 01 S
§ o 4] 5 1.0
§-05 £
E £ 21 05
> = ] =
©-1.09 10mv s~ O -3
. . . -4 0.0 .
00 05 10 15 20 25 00 05 10 15 20 0 1000 2000 3000
Potential (V) Potential (V) Time (s)
~120 1200 &~ 1.5 —~ 90
e % —a— Active Material of _ H,V,0, g% —=— H,V,0
w100 o & —o— Integrated Device [ 1000 'E 70, 10 —— H,V,04/rGO w 01 —a— H,V,0,/rGO
8 800 § io.s 8 701
3 80 § = 1 3 60/
3 600 G S 0.0 §
& 60 a ° ® 501
S 400 8 £-05 [$)
2 o £ g 404 ;
’§ 40 200 ‘g 310 E \,
H,V;04/rGO 10mv s~ 30 N
9D 204— s il T 15 ”n v . . . v
0.1 03 05 1 3 0.0 05 1.0 15 20 0.1 0.3 0.5 1 3
Current density (Ag™") Potential (V) Current density (Ag™")
60 . 600
h T o...o.ooooo...oo.'.....g......oonoA|.|—- 502.1
2 50 & @500
8 sl _m¥g aSE__N_EEEE 83% %0 & £ 4
= [ L L] ] [ | bt | ol L LT | P 2 E
NPT LU U T T - s 7o € 2300
S_ . m = B Ep = =8 ] = - g 2 Adv. Funct. Mater. 2025
] 20{ &Y i %40 -g 8 200 Nat. commun. 2023
& 30 W i /me (e «‘M‘W} d]] M 3Ag S B “ >
8 o L ¥y, o3 Bl
8 bR LALLM 3 & /
»n k - Times (s) - W H,V;0,/rGO " B
0 1000 2000 3000 4000 5000 (B 1I(30][19](35](32](25]126] (24] (30} [ 16] [9] This

Cycle number

Reference

Figure 3. Electrochemical energy storage performances of H,V;04/rGO@CF-SSC: a) Preparation of epoxy resin-based electrolytes and assembly of
H,V304 /rGO@CF-SSC. b) CV curves at different voltage windows for H,V;O0s @CF-SSC. c) CV curves at different scan rates. d) GCD curves at dif-
ferent current densities. e) Specific capacitance values at various current densities. f) CV curves (10 mV s~') and g) specific capacitance values for
H,V;04 @CF-SSC and H,V;04/rGO@CF-SSC. h) Cycling stability of H,V3;05 @CF-SSC and H,V;04/rGO@CF-SSC at 3 A g~. i) Energy density

comparison between H,V;0g/rGO@CF-SSC and previously reported values.

Supporting Information). These findings confirm the strong po-
tential of H,V;0,4/rGO as a high-performance pseudocapacitive
material for CF-SSCs.

2.3. Kinetic Analysis and DFT Calculations

The electrochemical reaction kinetics of Lit in
H,V,;04/rGO@CF-SSC was investigated, and the mecha-
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nism underlying the enhanced electrochemical performance
resulting from rGO incorporation was further analyzed using
DFT calculations. Figure 4a presents a schematic diagram of the
charge—discharge process in H,V;04/rGO@CF-SSC. CV curves
measured at scan rates from 1 to 20 mV s~'. With increasing
scan rates (Figure 4b; Figure S7, Supporting Information),
the CV curves retain well-defined redox peaks, demonstrating
a reversible Li* insertion/extraction process. The reduction
peaks shifted toward lower potentials and the oxidation peaks

© 2025 Wiley-VCH GmbH
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Figure 4. Kinetic analysis of Li* in H,V;04/rGO@CF-SSC: a) Schematic of the rechargeable. b) CV curves at various scan rates from 1to 20 mV s™!
c) Logarithmic relationship between peak current and scan rate. d—e) Capacitive and diffusion—limited contribution ratios. f) Nyquist plots. g) Schematic

of reversible lithiation/delithiation.

toward higher potential with increasing scan rates, attributed
to polarization caused by delayed electrode reaction response
relative to the equilibrium potential.??) To analyze the kinetics,
the relationship between peak current (i) and scan rate (v) was
evaluated using the power—law Equation (1):

i=a? 1

where a and b are constants. A b-value approaching 0.5 indicates
a diffusion—controlled process, while a value near 1 indicates a
surface—controlled (capacitive) process.>®!

As shown in Figure 4c, the b values for H,V;04/rGO@CF-
SSC are 0.78 and 0.77, respectively, both higher than those
for H,V,;0, @CF-SSC (Figure S8, Supporting Information), in-
dicating faster electrochemical kinetics and a more surface—
controlled reaction facilitated by the rGO network. The capacitive
contribution to charge storage was further calculated using the
Equation (2):

i (V) =k vtkp? )
At each specific voltage, kv is the capacitance contribution

1
and k,v? is the diffusion control contribution. As the scan
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rate increased from 1 to 20 mV s7!, the capacitive contribu-

tion in H,V;04/rGO@CF-SSC increased from 37.4% to 73.3%
(Figure 4d,e), whereas H,V,0,@CF-SSC exhibited a lower in-
crease (25.4% to 57.6%, Figure S9, Supporting Information), con-
firming that rGO enhances both electronic conductivity and Li*
diffusion kinetics.

Electrochemical impedance spectroscopy (EIS) was used to
assess the charge transfer and ion diffusion. Nyquist plots
(Figure 4f) shows that the intrinsic resistance decreased from
15.5 to 12.85 Q upon rGO addition. The reduced semicircle di-
ameter, representing lower charge transfer resistance (Rct), fur-
ther demonstrates improved interfacial charge transfer. In the
low—frequency region, a steeper slope in H,V,0, /rGO@CF-SSC
confirms enhanced ion diffusion. Collectively, these kinetic anal-
yses support the Li* insertion/extraction mechanism illustrated
in Figure 4g. Li* ions are inserted into vacant interlayer sites be-
tween the V04 layers, coordinating with six oxygen atoms (06,
08, two 02, and two O5) to form distorted LiO, octahedra. This
intercalation ensures continuous ion transport within the layered
framework, which can be represented as:

H,V,0q + xLi* + xe~ < Li H,V,0, (3)
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Figure 5. DFT calculations: a) Crystal structures of H,V;04/rGO. b) Li* adsorption configurations and energies. c) Electron difference density. d) Band
structure. e) Density of state (H,V3;0y). f) Density of state (H,V304/rGO). g) Li* diffusion pathway. h) Relative diffusion energy barriers for Lit in

H, V304 and H,V;04/rGO.

The incorporation of rGO enhances charge transport and ion
diffusion, thereby boosting electron—ion coupling. This synergis-
tic effect is the fundamental reason behind the excellent electro-
chemical performance of H,V,04/rGO@CF-SSC.

The mechanism by which rGO enhances electrochemical per-
formance was further elucidated via DFT simulations. Compu-
tational models of H,V,04 and H,V;04/rGO are presented in
Figure S10 (Supporting Information) and Figure 5a. To examine
Li* adsorption, adsorption energies were calculated (Figure 5b).
Li* exhibits a more negative adsorption energy in H,V,04/rGO,
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indicating greater adsorption stability. This stability arises from
the introduction of rGO, which improves the electronic struc-
ture and provides additional active sites. This strengthens the
interaction between Li* and surface oxygen atoms, facilitating
the capture and accumulation of Li* at the interface. To assess
interfacial charge transfer, the differential charge density distri-
bution of H,V,;0,/rGO was calculated (Figure 5c). Yellow and
blue regions indicate charge accumulation and depletion, re-
spectively. Charge depletion on the rGO surface and accumu-
lation near oxygen atoms confirm strong interfacial electronic
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Figure 6. Electrochemical performance under 0, 40, 80, and 120 kPa surface loads and mechanical tensile test of H,V;Og /rGO@CF-SSC: a) CV curves
(100 mV s~"), b) GCD curves (1 A g7'), and c) EIS curves under different loads. d) Cycling stability under 0 and 120 kPa. e) Photograph of LED
illumination. f) Schematic of tensile test. g) Stress—strain curves. h) Force-displacement curves.

interaction, which accelerate both electron transfer and ion
diffusion.

Band structure calculations (Figure 5d; Figure S11, Supporting
Information) reveal that the bandgap of H,V,;04/rGO is signifi-
cantly reduced relative to H,V, Oy, facilitating electron transition
from the valence to conduction band and enhancing conductivity.
Density of states (DOS) analysis further supports this (Figure 5e).
H,V,0 displays a clear bandgap near the Fermi level (semicon-
ducting), whereas H,V,;0,4/rGO exhibits numerous states near
the Fermi level (Figure 5f), consistent with metallic-like behavior.
This improved electronic conductivity accelerates charge trans-
port, and enhances the rate capability, as supported by the differ-
ential charge density analysis.

The effect of the heterointerface on Li* diffusion was evalu-
ated using the climbing image nudged elastic band (CI—NEB)
method. As shown in Figure 5h, the diffusion barriers for Li* in
H,V,04 are 1.12 eV (subsurface diffusion within the interlayer
channel) and 1.44 eV (bulk diffusion within the interlayer chan-
nel), while that in H,V;0,4/rGO is 0.76 eV, confirming that the
incorporation of rGO effectively facilitates Li* diffusion. These
results demonstrate that the H,V,04-rGO interface provides an
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effective pathway for accelerate Li* diffusion, and the improved
diffusion kinetics substantially contribute to the enhanced rate
performance,®’! consistent with EIS results. In summary, strong
interfacial synergy between rGO and H,V,0, enhances electron
transport and Li* diffusion, enabling efficient electron—ion cou-
pling, and increasing Li* storage capacity, which collectively en-
dow H,V;04/rGO@CF-SSC with outstanding electrochemical
performance.

2.4. Electrochemical Performance Under Load and Mechanical
Tensile Test

To realize an integrated structural and energy storage de-
sign, CF-SSCs must provide both energy storage capability
and mechanical strength. The electrochemical performance of
H,V,;04/rGO@CF-SSC was evaluated under surface loads of 0,
40, 80, and 120 kPa to assess capacitance retention and cycling
stability. As shown in Figure 6a, the CV curves at 100 mV s
are nearly overlapping under all loads, with only a minor reduc-
tion in area after loading. GCD results (Figure 6b) demonstrate
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Figure 7. Electrochemical stability under structural damage of H,V3;Og /rGO@CF-SSC and performance in series/parallel configurations: a) Photograph
of damaged device. b,c) CV (100 mV s~') and GCD (1 A g™) curves before and after damage. d) Photograph of series and parallel connection. e,f) CV

(100 mV s~"y and GCD (1A g™") curves in series and parallel connection.

that at a current density of 1 A g7!, the device retained 96.3%
of its initial capacitance under a 120 kPa load, indicating excel-
lent electrochemical stability under load, consistent with the CV
results.

EIS measurements (Figure 6¢) reveal that the internal resis-
tance of H,V;0,4 /rTGO@CF-SSC decreases with increasing load,
reflecting improved interfacial contact between the active ma-
terial and CF substrate and more efficient electron transport
pathways. However, a slight decline in specific capacitance is
observed, likely due to compression of the electrode’s porous
structure during loading, which reduces electrolyte permeabil-
ity and limits accessible active sites. These results suggest that
while mechanical loading can improve interfacial conductivity, it
may also impose compressive effects on the electrochemically ac-
tive region. The cycling stability of H,V;04/rGO@CF-SSC un-
der load was further assessed (Figure 6d). Following the appli-
cation of a 120 kPa load, the device retained 88% of its capac-
itance after 5000 cycles at 3 A g7!, higher than the 83% reten-
tion without loading. The applied load enhances contact between
the electrode and current collector, lowers interface resistance,
and improves electron transport. Furthermore, mechanical con-
straint helps stabilize the electrode structure, reducing degrada-
tion during repeated cycling and thus improving long-term cy-
cling stability. The device could also reliably power an LED bulb
after removal of load (Figure 6e). These results demonstrate not
only excellent electrochemical load-bearing stability but also fa-
vorable mechano—electrochemical coupling performance, high-
lighting the potential of H,V,;04/rGO@CF-SSC for structural
energy storage integration in practical applications.

Mechanical tensile tests were performed using a standard strip
specimen (150 mm X 20 mm x 0.7 mm) to evaluate the stress—
strain behavior under mechanical stretching (Figure 6f). The me-
chanical properties of H,V;04/rGO@CF-SSC (energy-storage
sample) and the non-energy-storage epoxy resin matrix com-
posite ((CF/GF/CF)PEGDGE) were compared (Figure 6g,h). The
non-energy-storage sample exhibits a linear stress—strain curve
and brittle fracture, with a tensile strength of 136.2 MPa, and an
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elastic modulus of 8.68 GPa. In comparison, the energy-storage
sample shows a tensile strength of 127.2 MPa and an elastic mod-
ulus of 6.95 GPa, representing reductions of only 7.1% and 20%,
respectively, which may be attributed to the introduction of the
conductive phase (EMIM-TFSI + PC + LiTFSI) into the elec-
trolyte. Nevertheless, the mechanical strength and modulus of
the energy-storage sample still exceed those of most previously
reported systems (Table S2, Supporting Information). These
findings indicate that H,V;04/rGO@CF-SSC provides excel-
lent electrochemical energy storage while maintaining favorable
mechanical properties, making it suitable for multifunctional
composite applications requiring both strength and lightweight
characteristics.

2.5. Electrochemical Stability Under Structural Damage and
Device Configurability

Structural damage can critically affect the energy stor-
age performance of CF-SSCs. To assess device resilience,
H,V;0,/rtGO@CF-SSC was subjected to simultaneous cutting
and drilling (Figure 7a). After the damage, CV and GCD mea-
surements confirmed that the device retained a significant level
of capacitance, with no short—circuit or malfunction detected
(Figure 7b,c). At 1 A g7!, the specific capacitance retention after
damage is 68.5%, attributed to the loss of active material that no
longer contributed to charge storage. Supporting video evidence
(Video S1, Supporting Information) demonstrates that the device
could still illuminate an LED after damage, further verifying
its safety and operability. Unlike liquid electrolytes, the solid
electrolyte employed here provides higher mechanical strength,
maintaining separation between CF electrodes and preventing
short-circuiting or electrolyte leakage upon piercing or cutting.
These results confirm that the device remains functional and
safe even when structurally damaged.

The practical applicability and integration potential of
H,V;0,/tGO@CF-SSC were further demonstrated by
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evaluating its electrochemical performance in series and
parallel configurations. As shown in Figure 7d, two devices
connected in parallel and in series, and their GCD curves
(Figure 7e) reveal higher voltage output for the series connection
and higher current response for the parallel configuration, as
expected for supercapacitor modules. The corresponding CV
curves (Figure 7f) show an expanded voltage window for the
series configuration and increased current for the parallel con-
figuration, demonstrating excellent scalability and integration
capacity. These results suggest that H,V;04/rGO@CF-SSC
can be flexibly assembled to meet diverse energy requirements,
providing a strong foundation for the development of stacked
or multilayer structural energy storage systems for real-world
applications.

3. Conclusion

In summary, a CF-SSC with ultrahigh energy density was de-
signed using a simple and efficient one-step HTMM to syn-
thesize the pseudocapacitive material H,V;0,4/rGO as the elec-
trode coating. The interfacial synergy between the highly conduc-
tive rGO and the pseudocapacitive H,V,; Oy effectively enhances
electron—ion coupling, facilitating charge transfer and ion diffu-
sion. The assembled H,V,;0,/rGO@CF-SSC exhibits an excep-
tionally high specific capacitance (964 mF g~! at 0.1 A g!) and
ultrahigh energy density (502.1 mWh kg™!), exceeding previously
reported CF-SSCs. Additionally, the device demonstrates excel-
lent electrochemical load-bearing stability, retaining 88% of its ca-
pacitance after 5000 cycles under a compressive stress of 120 kPa.
The device also exhibits outstanding mechanical properties, in-
cluding a tensile strength of 127.2 MPa and a tensile modulus of
6.95 GPa, as well as high safety and application potential. This
work fills the gap in vanadium oxide-based CF-SSCs and pro-
vides valuable insights into the design for CF-SSCs with high
energy density.

4. Experimental Section

Synthesis of H,V304/rGO:  Graphene oxide (GO) was prepared follow-
ing a previously reported method.[!] As shown in Figure 1a, 0.436 g of
vanadium pentoxide (V,0s) and 20 mg of GO were dispersed in 12 mL
of deionized water by ultrasonication for 1 h, then transferred to one side
of a Teflon—lined multi-chamber autoclave. Separately, 0.048 g of glucose
monohydrate was dissolved in another 12 mL of deionized water and
added to the opposite side of the autoclave (total volume 70 mL). The
reaction mixture was heated to 240 °C, and the rotating Teflon—lined auto-
clave enabled thorough mixing from both sides, allowing the reaction to
proceed for 1 h. The resulting product was collected by vacuum filtration
and dried under vacuum at 80 °C for 12 h to obtain a dark green pow-
der. For comparison, pure H,V3;Og nanorods were synthesized using the
same high-temperature mixed hydrothermal process without the addition
of GO.

Preparation of H,V304/rGO@CF and Epoxy Resin-Based Electrolyte So-
lution:  CF was soaked in a 1.85 mol L™' potassium hydroxide (KOH)
solution for 12 h to remove surface adhesives and impurities, then
rinsed thoroughly with deionized water to eliminate residual KOH.[*I The
CF was vacuum-dried for 12 h. Active materials, acetylene black, and
polyvinylidene fluoride (PVDF) were mixed in a mass ratio of 7:2:1 in N—
methylpyrrolidone (NMP) to form a homogeneous slurry. This slurry was
uniformly coated onto the CF and vacuum-—dried at 80 °C for at least 10 h
to obtain the H,V;04/rGO carbon fiber electrode (H,V;03/rGO@CF).
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Each electrode measured 35 mm X 35 mm, with a 15 mm X 12 mm re-
gion reserved as a current collector for connection to the electrochemical
workstation.

To prepare the electrolyte, 5.9 g of EMIM-TFSI, 2.6 g of LiTFSI, and
0.06 g of propylene carbonate (PC) were mixed and stirred under argon in
a glovebox for 12 h."! Then, 4 g of this mixture was combined with 2.38 g
of PEGDGE and stirred for 1 h. TETA was slowly added as a crosslinking
agent to yield the epoxy resin-based electrolyte solution.

Fabrication of H,V3;04/rGO@CF-SSC: As shown in Figure 3a, the
structural supercapacitor was prepared using a manual layering technique.
Glass fiber (GF) was cut into a 40 mm x 40 mm square to separate the up-
per and lower electrodes. Both the positive and negative electrodes were
H,V3;04/rGO@CF. The fabrication was thoroughly cast with the epoxy
resin-based electrolyte solution by pouring, then cured at 80 °C for 3 h
under the coverage of a PTFE film in vacuum.

Electrochemical and Mechanical Measurements:  Electrochemical tests
were performed using a two-electrode setup with a CHI1660 electrochemi-
cal workstation, employing CV, EIS, and GCD tests were conducted under
open-circuit voltage conditions. The specific capacitance C; of the active
material was calculated using the following Equation (4):

_Ixt
& AVxm

*)

where | is the discharge current (A), t is the discharge time (s), AVis
the voltage window (maximum voltage minus voltage drop), and m is the
mass (g) of the active material.

The energy density £, (mWh kg~1) and power density Py (W kg™1) of
the H,V;04 /rGO@CF-SSC were calculated based on the total mass of
the device rather than the active materials. The specific formulas are as
follows:

m 2
GEx@Y)

= 5

g 2%x3.6 ®)
3600><Eg

Py= —— (6)

here, M is the total mass of the device, which includes the CF electrode,
electrolyte, and GF separator.

Mechanical properties were evaluated using a tensile testing machine
(model JDQW104.00, SANS). Specimens used for tensile testing mea-
sured 150 mm X 20 mm x 0.7 mm. Tensile strength (o, MPa) and Young's
modulus (E, GPa) are as follows:

Fmax
= 7
o= )
_Ae _(R-R)/A ®)
Ae (L —Ly) /L
where F,,, is maximum applied force before fracture (N), A is cross—

sectional area of the specimen (mm?2), F; and F, are forces (N) within
the linear elastic region, Ly and L, arethe specimen lengths (mm) under
F, and F,, respectively, and L, is the original gauge length (mm).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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