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This study evaluates the electrocatalytic performance of graphite powder (GP) electrodes modified
with CoO, NiO, and oxygen-rich phosphorus functional groups (P-GP) to improve the sluggish VO,*/
VO?* redox kinetics in vanadium redox flow batteries (VRFBs). Although these electrocatalysts have
been extensively applied to graphite felt, their comparative activity on graphite powder, a lower-cost,
structurally distinct material, has not been systematically examined. Their intrinsic catalytic behavior
was assessed through cyclic voltammetry, electrochemical impedance spectroscopy, charge—dis-
charge cycling, and polarization tests. Pristine GP delivered a coulombic efficiency (CE) of
89.11%, voltage efficiency (VE) of 88.01%, energy efficiency (EE) of 78.43%, and power density of
49 mW cm™2. CoO- and NiO-modified GP improved performance with CE values of 92.5% and
90.79%, and power densities of 154 and 149 mW cm™2, respectively. The P-GP electrode showed the
best results, with CE of 94.41%, VE of 93.97%, EE of 88.72%, and power density of 167 mW cm™2,
while retaining ~96% CE over 90 cycles. This study highlights phosphorus-functionalized and metal
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1. Introduction

In response to mounting concerns regarding climate change and
environmental degradation, there has been a significant prolif-
eration of initiatives and policies across both societal and tech-
nological domains. These initiatives and policies are designed to
expedite the transition from conventional fossil fuels to renew-
able and environmentally sustainable energy sources.'™ One of
the essential strategies to address the challenge of integrating
intermittent renewable resources into electrical grids involves
advancing electrochemical energy storage technologies that are
highly efficient, scalable, and capable of maintaining grid stabi-
lity under variable generation conditions from sources such as
solar and wind energy.>°

Among various energy storage technologies available today,
redox flow batteries (RFBs) have emerged as particularly promis-
ing for medium-to-large scale energy storage applications, owing
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to their notable advantages such as long cycle life, excellent
scalability, decoupled power and energy characteristics, and
enhanced safety profiles, making them especially suitable for
integrating intermittent renewable energy sources into modern
electrical grids.””

Vanadium redox flow batteries (VRFBs) represent the most
developed and commercialized technology among the various
redox flow battery systems, largely due to their unique ability to
utilize the four stable oxidation states of vanadium (V**, V**
VO**, and VO,") for energy storage. This distinctive use of
vanadium in both the anolyte and catholyte effectively prevents
cross-contamination between the electrolytes, which contributes
significantly to maintaining long-term system performance and
stability, thereby decoupling energy and power output, making
them particularly advantageous for large-scale energy storage
applications and integration with renewable energy sources. As
a result, VRFB systems are increasingly the technology of choice
for numerous large-scale energy storage demonstration projects
worldwide, demonstrating their scalability, safety, flexibility, and
ability to provide stable and reliable power over long periods.

During the charge-discharge process, the electrochemi-
cal reaction of VO,"/VO** and v**/v** redox couples occurs
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at the electrocatalyst surface, producing a cell voltage of
1.26 V.

Charge
VO +H,0 = VO, +2H" +e Ey=1.01V vs. SHE
Discharge
i ~ Charge 5
V¥ 1e = V» E;=-026Vvs.SHE
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VO, + H,0+ VY = VO," + 2HT + V¥ Ey =126V

Nonetheless, despite its attractive features, the widespread
deployment of VRFB systems is limited by challenges such as
high system costs and the low intrinsic electrochemical
activity of the electrocatalysts.'*"?

The electrocatalyst is a key component in VRFBs and signifi-
cantly impacts cell performance, as the redox reactions of
vanadium ions occur at the electrocatalyst surface. Currently,
polyacrylonitrile (PAN)-based graphite felt is the most widely
used electrocatalyst material due to its high chemical stability
in acidic electrolytes,"® wide operating potential window, excel-
lent electrical conductivity, and relatively large surface area.
However, pristine graphite felt exhibits poor electrochemical
kinetics, especially for the VO,"/VO** redox couple, due to the
complex reaction mechanism involving several elementary
steps. Given these limitations, enhancing the electrochemical
activity of graphite felt is critical to improving VRFB perfor-
mance, and numerous strategies have been proposed. Among
these, heteroatom doping of graphite felt (GF) has emerged as a
widely explored approach, as it introduces active functional
groups on the electrode surface and promotes redox kinetics."

For instance, Xingrong et al.'® developed phosphorus and
nitrogen co-doped PAN-based graphite felt electrodes, which
exhibited significantly enhanced energy efficiency, achieving a
7.9% improvement over pristine GF at a current density of
200 mA cm 2" Similarly, Kim et al employed an impregna-
tion-calcination method to introduce phosphorus-rich oxygen
functionalities on GF, resulting in an energy efficiency of 88.2%
compared to 83% for the unmodified electrode at 32 mA cm™>.'
An alternative approach involves integrating electrocatalytic
materials onto the GF surface, encompassing both metal-free
and metal-based catalysts."” Lian et al. reported the use of
sulfonated carbon nanotubes (SO;-CNTs) as metal-free electro-
catalysts to promote VO,"/VO>" and V**/V*" redox reactions. The
SO;-CNT modified electrode yielded voltage and energy efficien-
cies of 81.46% and 78.83%, respectively, marking improvements
of 6.15% and 6.12% over bare GF.® Other carbon-based catalysts,
such as MOF-derived carbon,' three-dimensional carbon
frameworks,?° and activated carbon,?’ have also demonstrated
promising results. In terms of metal-based electrocatalysts, var-
jous metal oxides such as Mn;0,** Pb0,,> WO,,** TiO,,*
Sn0,,?® and CoNiO,,%” have been synthesized via chemical or
physical techniques for VRFB applications. Notably, Seyedabol-
fazl et al. fabricated WO;-coated GF electrodes using pulsed laser
deposition to enhance the VO,'/VO>" redox couple kinetics.
The modified electrode delivered a peak power density of
556 mW cm 2 at a current density of 800 mA cm ™ 2.

Energy Adv.

View Article Online

Energy Advances

Graphitic carbon is an abundant, cost-effective material that
has attracted considerable attention as an electrocatalyst for
VRFBs. Graphite is a crystalline allotrope of carbon composed
of layers of hexagonally arranged atoms bonded by strong
covalent bonds, with layers held together by weak van der Waals
forces.”® Chemically inert, electrically conductive, and thermally
stable, graphite is widely used in lithium-ion batteries,*® Fuel
cells,*® and supercapacitors.®* Graphite is highly conductive and
catalytically active, but its hydrophobicity limits wettability and
slows VO,"/VO** redox kinetics. This poor interfacial contact
impedes electron and ion transfer, reducing power as well as
energy and voltage efficiencies in vanadium redox flow batteries.
To overcome these limitations, nanoparticles or heteroatom
functional groups are incorporated onto graphite surfaces.
These modifications improve surface wettability and increase
active-site density, thereby enhancing VO,"/VO** reaction rates
and overall battery efficiency. For instance, Park et al.?” prepared
edge-functionalized graphene nanoplatelets (E-GnP) from gra-
phite flakes via a ball-milling process, demonstrating that
selective oxygen functionalization at the edge sites significantly
enhanced both VO,"/VO*" and V**/V*' redox reactions. The flow
cell based on E-GnP exhibited an energy efficiency over 15%
higher than that of untreated carbon felt at a current density of
50 mA cm >.** Similarly, Alazmi et al. reported the use of
reduced graphene oxide (rGO), derived from graphite powder,
as an efficient electrocatalyst for VRFBs, achieving voltage
and energy efficiencies of 78.4% and 72.7%, respectively, at
100 mA cm >.*? These studies underline the effectiveness of
graphite-derived nanostructures in improving the electrochemi-
cal activity of VRFB electrodes and highlight the importance of
edge-defect engineering and surface functionalization in achiev-
ing high-performance redox kinetics.

In this study, we investigated three types of surface modifica-
tions: phosphorus-oxygen-rich functional groups and Co/Ni
oxides, which have previously been applied to graphite felt,
and we extended this comparison to graphite powder electrodes
to demonstrate a more cost-effective approach to evaluating
electrocatalyst performance. Using an impregnation-calcination
method, we assessed the catalytic activities of these modified
electrodes specifically toward the VO,"/VO®" redox couple on the
positive electrode. A combination of physical characterization
and electrochemical techniques was employed to analyze sur-
face morphology, functional group distribution, and redox
kinetics. Full VRFB cells were assembled using both pristine
and modified graphite electrodes to determine the impact of
surface modification on battery performance, and the resulting
electrochemical behavior and efficiencies were systematically
investigated and discussed in detail.

2. Experimental
2.1. Material and synthesis

Cobalt(u) and nickel(n) nitrate hexahydrate (ACS reagent, >98%),
vanadium oxide (97%), sulfuric acid (95-98%), diammonium
hydrogen phosphate (99%), graphite powder (>99.99%),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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potassium chloride (99%), and graphite powder were obtained
from Sigma Aldrich. For P-GP, 1 g of graphite powder was
immersed in a solution of diammonium hydrogen phosphate
and stirred for two hours. The mixture was dried for 5 h at 80 °C
and heated at 500 °C for 2 h under argon gas flow. The resulting
material was washed with distilled water and dried. For CoO/NiO-
GP, 0.1 g of Co/Ni nitrate was added to 25 mL of water and
ultrasonicated for 5 min, 2 g of graphite powder was added, and
the solution was stirred for 2 h. The resulting mixture was dried
at 80 °C for 6 h in a vacuum and subjected to two heating cycles -
in air at 400 °C for 2 h, then under argon at 500 °C for 4 h.

2.2. Structural and morphological observations

A ZEISS 300 microscope was employed for scanning electron
microscopy (SEM). The accelerating voltage was 15 kV, and the
resulting images had a pixel size of 10 pm. The size and
morphology were examined by a JEOL JEM 1400 transmission
electron microscope (TEM) operated at 120 kV, and the dis-
tribution of nanoparticles (NPs) and local crystallographic
phases from selected area electron diffraction (SAED) were
examined by a JEOL JEM 2100 high-resolution TEM (HR-TEM)
operated at 200 kV. For TEM and HR-TEM, a small quantity was
dissolved in a few millilitres of ethanol and subjected to an
ultrasonic bath for 15 min. A single drop of the obtained
suspension was deposited on a carbon-coated copper grid with
an eye dropper. The samples were placed in a vacuum chamber
at ambient temperature prior to examination. X-ray photoelec-
tron spectroscopy (XPS) was recorded with a NEXSA G2 surface
analysis system with a monochromatic Al Ko X-ray source
(1486.6 eV, 72 W, 400 pm spots). The Brunauer-Emmett-Teller
(BET) method was used to analyze the specific surface area. N,
sorption-desorption isotherms were used to measure the pore
size distribution by the Barrett-Joyner-Halenda (BJH) method
with the Micrometrics Gemini VII system. Raman spectra of
bare and modified graphite samples were collected by laser
excitation at 532 nm at room temperature in a range of 100-
1500 cm ™' with a Horiba LabRam instrument. Powder X-ray
diffraction (XRD) was used to identify the crystal structure. XRD
patterns were captured by a Bruker D8 ADVANCE diffracto-
meter (30 kv, 10 mA) using Cu Ko radiation (4 = 1.5406 A). The
data was registered in 20 of 20° to 80° with a step size of 0.01°
with a 10 s count time.

2.3. Electrochemical measurements

The electrode slurry was prepared by mixing 80 wt% active
material, 10 wt% carbon black Vulcan (XC72R, Cabot), and
10 wt% PVDF binder (Kynar 2801, Arkema). The components were
combined with an appropriate amount of solvent and homoge-
nized until a uniform mixture was obtained. The slurry was then
cast onto SGL 29-AA carbon paper (SGL Carbon, Germany) using a
doctor-blade coater. After coating, the electrode was dried at 80 °C
under vacuum for 12 h. The typical mass loading of active material
was maintained at approximately 2.0 mg cm >,

To investigate electrochemical behavior, cyclic voltammetry
(CV) was conducted using a three-electrode cell consisting of
the synthesis material as the working electrode, platinum wire

© 2026 The Author(s). Published by the Royal Society of Chemistry
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as the counter electrode, and Ag/AgCl 3 M KCI reference
electrode. The experiment involved sweeping the applied vol-
tage at various scan rates from 10 to 80 mV s '. To perform
electrochemical impedance spectroscopy (EIS) on the graphite
electrodes, a three-electrode cell was employed using the pro-
cedure mentioned above over a frequency range of 100 kHz to
0.01 Hz with 10 mV amplitude. Electrochemical measurements
were carried out using a Bio-Logic potentiostat (VMP-3e) with
0.7 M VOSO, catholyte in 2 M H,SO,.

The electrocatalytic effects of P, CoO, and NiO doping
toward the VO,"/VO>" redox couple were assessed by analyzing
the diffusion coefficients, the anodic and cathodic peak cur-
rents (I, and I.), and the peak-to-peak separation (AE = E, — E,),
as summarized in Table 2. The diffusion coefficient was calcu-
lated using the Randles-Sev¢ik equation (eqn (1))

ip = (2.687 x 10°)n*?AC(Dv)"> (1)

where i, is the current (A), n is the number of transferred
electrons, A is the electrode surface area (cm?), C is the molar
concentration of vanadium ions (mol cm™?), D is the diffusion
coefficient (cm”> s7'), and v is the scan rate (V s '). The
capacitive and diffusion control was calculated by the Dunn
equation (eqn (2))

i(v) = Ky + Kp'? (2)

Battery performance tests were conducted using an electrolyte
composed of 1.6 M of Vanadium oxysulfate and 4.3 M H,SO,,
within a voltage window of 1.65-0.8 V, controlled via EC-Lab
software (Bio-Logic). Electrocatalyst-modified graphite served as
the positive electrode vs. an unmodified electrode (both with an
effective area of 20 cm?). A Nafion 117 membrane separated the two
compartments. Each side of the cell contained 50 mL of electrolyte,
which was independently circulated using pumps at a constant
flow rate of 80 mL min '. Charge-discharge performance of all
electrodes, including P-GP, CoO-GP, NiO-GP, and bare GP, was
evaluated at current densities ranging from 25 to 200 mA cm™ >
Discharge polarization curves and peak power values were obtained
as follows: the fully charged redox flow battery was discharged by
sweeping the current density from 0 to 1000 mA cm ™ > at a rate of
1 mA s, while recording the corresponding output voltage. After
the sweep, the cell was allowed to rest for 2 minutes to reach a
steady state at open-circuit voltage (OCV). Power density curves
were generated by calculating the product of the output voltage and
the corresponding current density at each point.

The Coulombic efficiency (CE), energy efficiency (EE), and
voltage efficiency (VE) were calculated using the following
equations:

CE (%) = % x 100 = {iﬁjﬁ x 100 (3)
EE (%):%XIOO:%XIOO (4)
VE (%) = % X 100 5)
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Fig. 1 (a) diffractogram, (b) Raman spectra, (c) corresponding intensity ratios (/p/lg), and (d) nitrogen sorption—desorption isotherms of the Bare

graphite, P-GP, CoO/NiO-GP samples.

where Cq and C, represent the discharge and charge capacities,
respectively, while I and I. are the discharge and charge
currents, Eq and E, refer to the discharge and charge energies,
and V4 and V. denote the discharge and charge voltages.

3. Results and discussion

3.1. Physical characterization

The diffractogram shown in Fig. 1a indicates that the bare
graphite sample (GP) exhibits a broad peak around 25.5°
corresponding to the (002) plane of graphite. This observation
suggests that the carbon atoms in all samples are arranged in
layers parallel to this plane. Furthermore, the presence of this
peak at the same scattering angle in GP, P-GP, CoO-GP, and
NiO-GP shows that the doping process had no significant effect
on the graphite structure.

Raman spectroscopy was employed to examine the structural
changes in the modified samples. Fig. 1b shows two distinct
peaks at 1349 and 1580 cm™ ' corresponding to disorder (D) and
graphitization (G) bands, respectively, with no significant
Raman shift with dopant. The Ip/I; ratio is commonly used to
evaluate the degree of structural disorder and provides an

Energy Adv.

indication of the graphitic domain size. As presented in Fig. 1c,
both the phosphorus- and cobalt-modified samples exhibit mark-
edly higher Ip/I; ratios than pristine GP (0.17 vs. 0.11), while the
Ni-GP sample shows a slightly elevated value. This increase can be
attributed to the formation of defect sites on the graphite surface
resulting from treatment with (NH,),HPO, or from the incorpora-
tion of metal oxide nanoparticles.'®** To further investigate the
textural properties of the electrode materials, pore size distribu-
tions were determined (Fig. S1), and the specific surface areas are
summarized in Table S1. Fig. 1d displays the N, adsorption-
desorption isotherms for all samples, which exhibit character-
istic type-IV behavior. A substantial reduction in pore volume
was observed after surface modification: the P-GP and NiO-GP
samples show nearly a one-order-of-magnitude decrease
compared to bare graphite, whereas the CoO-GP sample exhi-
bits an approximately two-order-of-magnitude reduction. This
decrease results from the deposition of oxygen-rich phosphorus
groups and metal oxide nanoparticles, which partially block
or fill surface defects and shallow mesopores on the graphite
powder.”’ The lower BET pore volume does not reduce
electrochemical activity because VRFB performance depends
on surface catalytic sites, not on gas-accessible porosity. Added
functional groups and metal oxides create new active sites, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 High-resolution XPS spectra of (a) GP, (b) P-GP, (c) CoO-GP, and (d) NiO-GP.

ion transport is driven by electrolyte flow, so blocked pores do
not hinder performance.

To better understand the atomic environment of the carbon
surface, XPS measurements were carried out. Fig. 2 presents the
O 1s and C 1s spectra of all samples, along with the P 2p
spectrum for P-GP and the Co 2p/Ni 2p spectra for the CoO- and
NiO-GP samples. The O 1s peak primarily originates from
oxygen-containing species adsorbed on the graphite surface.
As expected, a distinct phosphorus signal is observed on P-GP,
while characteristic Ni and Co peaks appear on the NiO-GP and
CoO-GP samples, respectively.

Fig. 2a shows the deconvolution of the C 1s and O 1s spectra,
revealing peaks at binding energies of 284.8, 286.1, 532.1,
532.7, and 533.7 eV, which are assigned to graphitic C—=C,

© 2026 The Author(s). Published by the Royal Society of Chemistry

C-0, C=0, C-0O, and C-O-C/C-O-P functional groups, respec-
tively. Fig. 2b illustrates that the P 2p region can be deconvoluted
into two peaks corresponding to P 2p,,, and P 2p;, at 133.8 and
135.2 eV, respectively, consistent with P-O bonding.*>*®

The band at 533.7 eV may be attributed to C-O-P species in
P-GP, indicating that phosphorus and carbon are likely connected
through an oxygen bridge.'® The O 1s spectrum of CoO-GP can be
deconvoluted into four components: O1 (530.1 eV), 02 (531.7 €V),
03 (532.5 eV), and 04 (533.8 €V). O1 corresponds to lattice oxygen
bonded to cobalt (Co-O), O2 is associated with surface hydroxyl
groups, O3 is linked to oxygen species at defect sites with low
coordination,”” and 04 is assigned to carbon-oxygen bonding. In
the Co 2p region, Co 2p;, and Co 2p,/, peaks appear at 780.6 and
796.5 eV, respectively. The Co 2p;/, peak can be deconvoluted into

Energy Adv.
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two components at 780.4 and 782.0 eV, corresponding to Co>" and
Co*, while the Co 2p,, peak can be similarly resolved into
components at 796.1 and 797.7 eV. These features confirm the
coexistence of Co®>" and Co®', with the primary contributions
arising from Co-O bonding.’” For NiO-GP, the Ni 2p;;, and Ni
2p1, peaks are observed at 853.8/855.7 €V and 871.3/873.2 eV,
respectively, consistent with Ni**/Ni*" species.*® Shake-up satellite
peaks appear at 861.0 and 879.4 eV, further indicating the presence
of NiO. The O 1s spectrum of NiO-GP can be deconvoluted into
three peaks: O1 (529.3 eV), attributed to lattice oxygen bound to
nickel; 02 (531.2 eV), possibly related to metal carbonate species;
and O3 (532.9 eV), associated with C-O or C-O-H/Ni bonding. The
presence of a C-O-Ni linkage, with characteristics similar to
C-OH, suggests that some NiO nanoparticles are covalently
attached to the graphite surface through hydroxyl ligands.*®

Fig. 3 shows representative TEM images of all samples and
the corresponding SAED patterns for the CoO-GP and NiO-GP
materials. In Fig. 3a and b, the bare graphite (GP) sample
displays parallel fringes associated with stacked graphite layers,
each composed of graphene sheets. After the incorporation of
oxygen-rich phosphorus groups, only minor changes in the
layer arrangement are observed, consistent with the Raman
results. The TEM images of CoO-GP and NiO-GP provide insight
into the size, morphology, and dispersion of the metal oxide
nanoparticles. As shown in Fig. 3e and f, the CoO nanoparticles
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exhibit a spherical morphology, good dispersion, smooth sur-
faces, and uniform particle sizes with an average diameter of
10-20 nm. Similarly, Fig. 3g and h shows that the NiO nano-
particles are also spherical, well-dispersed, and uniformly dis-
tributed across the graphite layers, with particle diameters in
the range of 10-15 nm. Fig. 3k presents the SAED pattern of the
CoO-GP sample, extracted from the HR-TEM image in Fig. 3i.
The SAED rings display distinct speckled features characteristic
of CoO nanoparticles. The first five rings (excluding the central
spot) correspond to the (111), (200), (220), (311), and (222)
lattice planes of CoO, confirming their polycrystalline nature.
The broadening of the diffraction rings arises from the small
particle size and the random orientation of the nanoparticles.*
The SAED pattern of the NiO-GP sample is shown in Fig. 31,
taken from the HR-TEM image in Fig. 3j. The clearly defined
diffraction spots indicate the presence of well-crystallized NiO
nanoparticles. The indexed planes correspond to the (111),
(200), (220), (311), and (222) reflections of Ni0.*® These results
confirm the formation of crystalline NiO particles uniformly
distributed across the graphite surface.

The wettability of an electrode is a critical factor determin-
ing the accessibility of aqueous electrolytes to its surface.
Therefore, the wettability of GP and the modified electrodes
was evaluated by measuring the static water contact angle, as
shown in Fig. S5. The bare graphite (GP) exhibits a high contact

-

=~
(@i o) 220

™ (312)

(222)

Fig. 3 TEM images of (a) and (b) bare graphite (GP), (c) and (d) P-GP, (e) and (f) NiO-GP, and (g) and (h) CoO-GP, and (i) and (j) HR-TEM images of

CoO/NiO, respectively, and (k) and () SAED of CoO/NiO-GP.
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Fig. 4 Electrochemical measurements and electrocatalytic activity. Cyclic Voltammogram curves with potential window from 0.3 to 1.1V vs. Ag/AgCl at
scan rate from 10 to 80 mV s~* and peak current densities versus root scan rate of (a) and (b) bare graphite, (c) and (d) NiO-GP, (e) and (f) CoO-GP and

() and (h) P-GP.

angle of 130.33°, indicating its hydrophobic nature. After the
incorporation of phosphorus-oxygen functional groups, the con-
tact angle decreases significantly to 67.66°, reflecting the increased
hydrophilicity introduced by P—0 and P-O groups, as well as the
partial thermal reduction of the carbon surface. For the CoO-GP
and NiO-GP samples, the contact angles also decrease, reaching
110.27° and 127.91°, respectively. This improvement can be attrib-
uted to the hydrophilic nature of CoO and NiO species and the
effects of thermal treatment, which together enhance the overall
surface wettability of the modified graphite.

3.2. Electrochemical performance

The oxidation and reduction peaks of the cyclic voltammogram
for each sample are shown in Fig. 4a, c, e and g. The bare GP
and NiO-GP electrodes exhibit low anodic and cathodic peak
currents, indicating poor electrochemical kinetics for the VO,"/

© 2026 The Author(s). Published by the Royal Society of Chemistry

VO®" couple. In contrast, the P-GP and CoO-GP electrodes
display more pronounced peak shapes and substantially higher
peak currents. This enhancement is attributed to the improved
electrical conductivity resulting from thermal treatment and
the presence of oxygen-rich phosphorus groups and cobalt-
oxide species, which introduce additional catalytic sites and
facilitate faster electron transfer.

As shown in Table 1, the anodic peak current increases
from 38.3 mA cm > for bare graphite to 104.0 mA cm > and
53.0 mA cm > for the P-GP and CoO-GP electrodes, respectively, while
NiO-GP shows only a slight increase to 39.5 mA cm ™2 Similarly, the
cathodic peak current increases from —25.3 mA cm > for GP to
—83.9mA cm ™ ?and —42.4 mA cm ™2 for P-GP and CoO-GP. Moreover,
the oxidation/reduction peak current ratio approaches unity for P-GP
(1.24) and CoO-GP (1.25), compared with 1.51 for GP, indicating
improved reversibility of the VO,"/VO> redox couple.

Energy Adv.
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Table 1 Relevant electrochemical parameters obtained from CV curves

View Article Online
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Electrocatalyst Iya (MA cm™?) Ie (MmA cm™?) Diff. coeff. (10 % cm? s77) InalIpe E, (V) E. (V) AE (V)
GP 38.3 —25.3 5.3 1.51 0.97 0.73 0.23
NiO-GP 39.5 -31.7 6.4 1.25 0.97 0.7 0.27
CoO-GP 53 —42.4 11.2 1.25 1.03 0.66 0.36
P-GP 104 —83.9 45.5 1.24 0.95 0.72 0.22

According to the Randles-Sevéik equation, mass-transfer
characteristics can be evaluated by plotting the peak current
against the square root of the scan rate, as illustrated in
Fig. 4b, d, f and h. P-GP exhibits the largest slope, demonstrating
that the oxygen-rich phosphorus groups enhance mass transport.
This enhancement is attributed to the high electronegativity of
oxygen relative to phosphorus, making P-O sites more favorable
for cation adsorption.*’ Oxygen-containing groups also improve
electrode wettability, thereby facilitating ion diffusion.** For
CoO-GP, the slope is greater than that of GP, confirming the
strong electrocatalytic activity of cobalt oxide. Vanadium ions are
likely attracted to CoO surfaces through electrostatic interactions
between positively charged vanadium species and negatively
charged O”~ species at CoO sites."* Overall, oxygen functional
groups significantly enhance electron-transfer kinetics by promot-
ing the adsorption of vanadium ions onto the electrode surface."

Fig. S6 presents the contribution of capacitive and diffusion-
controlled processes at different scan rates for GP and all
modified materials, extracted from eqn (2), which distinguishes
the terms K,v and K,v*? as the current contributions from
capacitive and diffusion-controlled processes, respectively.
Accurate determination of the constants K; and K, enables a
quantitative evaluation of their influence on the current at a
fixed potential. These constants were obtained from the slope
and intercept of the linear regression of i(v)/v'/* versus 1/v*2.
Fig. S6b-h shows the specific contributions of capacitive and
diffusion-controlled currents at a scan rate of 80 mV s~ '. The
untreated GP sample exhibits a capacitive contribution of 48%,
consistent with the presence of oxygen-containing functional
groups (C-0 and C=0), which provide active sites for the VO,"/
VO redox couple. After incorporating CoO and NiO nano-
particles, the capacitive contribution increases to 66% and
85%, respectively. This enhancement is attributed to structural
disruption caused by the nanoparticles, which partially occupy
or block the graphite surface pores, as observed in Fig. S1. For
the P-GP sample, the capacitive contribution decreases to 40%,
while the diffusion-controlled fraction increases to 60%,
exceeding that of bare graphite. This behavior explains the
superior catalytic activity of P-GP. The phosphorus-containing
P-0 and P=0 groups distributed on the graphite surface act as
active sites for the VO,"/VO®" redox reaction, facilitating elec-
tron transfer and improving reaction kinetics.

The electrochemical kinetics of the VO,"/VO** redox couple
were further examined using electrochemical impedance spectro-
scopy (EIS). The Nyquist plots for P-GP, CoO-GP, NiO-GP, and GP
are shown in Fig. S7, exhibiting a semicircle at high frequencies
and a sloped line at low frequencies, indicating contributions from
both charge-transfer and diffusion processes. The corresponding

Energy Adv.

Table 2 Parameters obtained from Nyquist plot fitting

Electroctalyst R, (ohm) C, (F) R (ohm) Yo

GP 4.27 1.8 x 107" 102.9 0.122
NiO-GP 4.10 33 x10°° 2.4 0.806
CoO-GP 3.00 4.8 x 10°° 5.8 0.870
P-GP 2.10 5.2 x 107 4.7 0.872

equivalent circuit includes R, representing the ohmic resistance
arising from the electrolyte, electrode, and contact interfaces; Ry,
the charge-transfer resistance at the electrode-electrolyte interface;
C, associated with the electric double-layer capacitance; and Yy,
representing Warburg diffusion. The fitted parameters obtained
from EIS analysis are summarized in Table 2.

Doping with oxygen-rich phosphorus groups results in a
dramatic decrease in R from 102.9 Q for GP to 4.7 Q for P-GP,
accompanied by a slight reduction in ohmic resistance. This
substantial improvement arises from the abundance of oxygen
functional groups, which act as active sites that facilitate charge
transfer. Notably, P-GP also exhibits increases in both C; and
Y, indicating enhanced electric double-layer capacitance and
improved diffusion of vanadium ions at the electrode-electro-
lyte interface. A similar trend is observed for the CoO- and NiO-
modified electrodes, where R.; decreases from 102.9 Q to 5.8 Q
and 2.4 Q, respectively, due to the presence of surface O°~
species that provide additional catalytically active sites. These
reductions in charge-transfer resistance further confirm the
strong electrocatalytic activity of the introduced functional
groups and metal oxides.

3.3. Full cell battery tests

The electrochemical performance of the VRFB using the GP
electrode and the samples modified with CoO, NiO, or oxygen-
rich phosphorus functional groups was evaluated through
charge-discharge tests and polarization curve analysis. All mea-
surements were carried out under identical conditions using
an electrode area of 20 cm> and a constant current density of
50 mA cm 2 within a potential window of 1.65-0.8 V. The
coulombic efficiency (CE), voltage efficiency (VE), and energy
efficiency (EE) were calculated using eqn (3)-(5), and the corres-
ponding results are summarized in Table 4. Kinetic loss, area-
specific resistance (ASR), and limiting current density were
obtained from the polarization curves, as presented in Table 3.
The charge-discharge results show that the battery assembled
with the oxygen-rich phosphorus-modified graphite electrode
(P-GP) exhibits the longest operating time, the lowest charge-
voltage plateau, and the highest discharge-voltage plateau,
resulting in superior voltage and energy efficiencies (Fig. 5a).

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00381d

Open Access Article. Published on 05 February 2026. Downloaded on 3/18/2026 12:58:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

Table 3 Comparison of overpotential, ASR, limiting current, and power
density for the bare and modified electrodes

Nkinetics ASR Tlim Power density
Electrocatalyst ~ (mV) Qem*) (mAem™) (mWem ?)
GP 0.93 9.45 64 49
NiO-GP 0.33 3.08 145 149
CoO-GP 0.32 2.85 144 154
P-GP 0.27 2.8 155 167

This electrode demonstrates the best overall performance,
achieving CE, VE, and EE values of 96.55%, 87.27%, and
84.26%, respectively, at a current density of 50 mA cm™ 2. These
findings are consistent with the results of Kim et al,'® who
reported that the introduction of phosphate groups enhances
electrode wettability and suppresses the hydrogen evolution
reaction, thereby improving redox reversibility. In comparison,
both CoO- and NiO-modified electrodes show notable improve-
ments over bare graphite. The CoO-GP electrode achieves CE,
VE, and EE values of 92.5%, 93.07%, and 86.09%, while NiO-GP
exhibits values of 90.8%, 88.48%, and 80.33%, confirming the
beneficial effect of metal oxide functionalization on charge-
discharge performance. The bare graphite (GP) electrode shows
the lowest efficiencies, with CE, VE, and EE values of 89.11%,
88.01%, and 78.1%, demonstrating the clear advantage of
surface modification in enhancing VRFB performance.

The superior performance of the P-GP electrode arises from its
oxygen-rich phosphorus functional groups, which enhance sur-
face wettability, improve ion transport, and suppress side reac-
tions such as hydrogen evolution. Mechanistically, the phosphate
groups introduce -OH functionalities capable of forming P-O-V
interactions with vanadium species, creating localized electron-
transfer centers that promote proton-coupled electron transfer

Table 4 Efficiencies of the VRFB cell using the GP NiO-GP, CoO-GP, and
P-GP electrodes at the current density of 25 mA cm ™2
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during the VO,"/VO*" redox reaction. These interactions stabilize
reaction intermediates, lower the charge-transfer resistance, and
accelerate redox kinetics. Consequently, P-GP exhibits the lowest
kinetic loss (0.27 mV), the lowest ASR (2.8 Q cm?), the highest
limiting current (155 mA cm™?), and the highest power density
(167 mW c¢m™?) among the evaluated electrodes. Among the
metal-oxide-modified materials, CoO-GP outperforms NiO-GP,
consistent with previous findings by Xiang et al.** CoO-GP dis-
plays slightly lower kinetic loss (0.32 vs. 0.33 mV), lower ASR
(2.85 vs. 3.08 Q cm?), and higher power density (154 vs.
149 mW cm™?), reflecting its higher intrinsic conductivity and
stronger catalytic affinity for VO, species. The improved activity
of CoO is attributed to its efficient electron-transfer character-
istics and favorable interactions with vanadium ions. NiO-GP
also enhances redox kinetics by introducing surface 0>~ species
and carboxyl functionalities that improve vanadium-ion adsorp-
tion and electron transfer, though to a lesser extent than CoO.
Both oxides improve wettability and reduce charge-transfer resis-
tance; however, the superior catalytic behavior of CoO results in
more favorable electrochemical performance®® (Fig. 5b and c and
Table 3).

To evaluate the rate capability and cycling behavior of the
modified electrodes, charge-discharge tests were performed at
various current densities (25, 50, 100, and 200 mA cm’z), followed
by a return to 25 mA cm™ 2. As shown in Fig. 6b, the P-GP electrode
delivers higher discharge capacities than the other samples across
all current densities, including at 100 and 200 mA cm ™2, indicating
improved redox kinetics and reduced polarization. When the
current is returned to 25 mA cm >, the P-GP electrode recovers
approximately 75% of its initial capacity, suggesting good electro-
chemical reversibility under the tested conditions (Table 5).

Table 5 Efficiencies of the VRFB cell using P-GP electrode at current
densities of 25, 50, 100, and 200 mA cm™2

Electrocatalyst CE (%) EE (%) VE (%) Current density (mA cm™?) CE (%) EE (%) VE (%)
GP 89.11 78.43 88.01 25 94.41 88.72 93.97
NiO-GP 90.79 80.33 88.48 50 96.55 84.26 87.27
CoO-GP 92.50 86.09 93.07 100 97.34 74.94 76.99
P-GP 94.41 88.72 93.97 200 98.42 64.32 65.35
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Fig. 5 Electrochemical cycling performance of bare GF and modified electrodes. (a) Charge/discharge voltage profiles at a 50 mA cm™2 current density.
(b) Polarization curves of VRFB cells assembled with bare and modified electrodes. And (c) the power density peaks of the VRRB cell.
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Fig. 6 (a) EE, CE, and VE over 90 charging—discharging cycles of the cell containing P-GP at a current density of 25 mA cm™2, (b) rate performance of

GP-based electrodes at various current densities.

The CoO-GP electrode also maintains its capacity as the
current density increases, with a recovery of about 79% when
the current is reduced, consistent with its electrocatalytic activity
toward the vanadium redox reactions. The NiO-GP electrode
shows moderate capacity retention and lower discharge capacity
relative to CoO-GP and P-GP, reflecting slower redox kinetics;
however, it achieves a capacity recovery of about 83% upon
returning to a lower current. The unmodified graphite (GP)
electrode exhibits a pronounced decrease in capacity at higher
current densities and limited recovery thereafter, consistent with
higher internal resistance and reduced electrochemical activity.

Fig. 6a presents the cycling performance of the VRFB employ-
ing the P-GP electrode over 90 charge-discharge cycles at
25 mA cm > The Coulombic efficiency (CE) remains stable at
approximately 96%, indicating low self-discharge and effective
utilization of vanadium ions. The voltage efficiency (VE) remains
around 92%, reflecting low polarization and stable internal resis-
tance during the test. As a result, the energy efficiency (EE) stays
consistently near ~84%. The minimal variation in the efficiency
metrics indicates that the P-GP electrode maintains steady electro-
chemical activity throughout the evaluated cycling period, consis-
tent with the behavior reported for other surface-modified graphite
electrodes used to enhance the VO,"/VO*" redox reaction.

Table 6 Comparison of notable modification approaches of graphite felt,

As shown in Table 6, the P-GP sample exhibits a voltage
efficiency of 76.9% at a current density of 100 mA cm ™2, which is
comparable to values reported for phosphorus-functionalized gra-
phite felt under similar operating conditions. The corresponding
energy efficiency of 74.9% is also higher than that reported for
several other phosphorus- or heteroatom-functionalized graphite
felt electrodes. It is important to note that the preparation approach
used in this work is simpler and more cost-effective, as it employs
graphite powder rather than graphite felt as the support material.
For the metal oxide-modified graphite powder electrodes, NiO@-
graphite and CoO@graphite show voltage efficiencies of 88.4% and
86.0%, respectively, and energy efficiencies of 80.3% and 93.0% at
25 mA cm” % These values are consistent with those reported for
NiO- and CoO-modified graphite felt in earlier studies. The corres-
ponding power densities of 149 mW cm > (NiO-graphite) and
154 mW cm™ > (CoO-graphite) further indicate that graphite pow-
der, despite its lower cost, can support electrocatalytic performance
comparable to felt-based systems.

4. Conclusion

In this study, the electrocatalytic performance of graphite powder
electrodes modified with CoO, NiO, and oxygen-rich phosphorus

carbon fiber, and graphite powder electrodes for VRFB study

Power density ~Current density

Materials Support material CE%  VE%  EE%  (mW cm ?) (mA cm™?) Ref.
Reduced graphene oxide/MXene@GF Graphite felt 91.6 82.7 75.8 — 80 44
Metal-organic-framework-derived ZnO-Fe,O;@GF  Graphite felt 96.5 87 84 — 150 45
Binder-free CNT-modified graphite felt (CNT-GFs) Graphite felt 97 85 82 — 100 46
CVD-grown CNTs-modified graphite felt Graphite felt 96.3 79.3 76.3 — — 47
Taurine-functionalized carbon nanotubes Graphite felt 96.8 81.4 78.8 — 300 18
Nitrogen-phosphorus co-doped carbon fiber Carbon fiber ~94 ~ 80 ~72 — — 15
Carbon felt @oxygen-rich phosphate Carbon felt ~95 ~93 88.2 — 32 16

NiO distributed on graphite felt Graphite felt ~97 ~76 74.5 — 125 38
Graphene nanosheet Graphite 98 69 70 — 150 32

CoO distributed on graphite felt Graphite felt 89.5 77.6 69.4 260 150 43
Oxygen-phosphorus-graphite Graphite powder 97.3 76.9 749 167 100 Our work
NiO-graphite Graphite powder 90.7 88.4 80.3 149 25 Our work
CoO-graphite Graphite powder 92.5 86 93 154 25 Our work
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functional groups (P-GP) was systematically investigated to address
the kinetic limitations of the VO,"/VO*" redox couple in vanadium
redox flow batteries (VRFBs). Incorporation of these functional
materials enhanced electrochemical activity, as demonstrated by
changes in cyclic voltammetry profiles, reduced charge-transfer
resistance from EIS measurements, and increased efficiencies
during charge-discharge cycling. Among the modified electrodes,
the P-GP material showed higher coulombic efficiency (94.41%),
voltage efficiency (93.97%), energy efficiency (88.72%) at
25 mA cm 2, and greater power density (167 mW cm ) relative
to unmodified graphite. The CoO- and NiO-modified electrodes
also delivered improvements in electrochemical metrics and power
output. The P-GP electrode maintained stable coulombic efficiency
over 90 cycles, indicating short-term operational stability under the
tested conditions. Overall, these results demonstrate that surface
functionalization, particularly phosphorus-based modification,
offers a cost-effective and scalable approach for enhancing gra-
phite powder electrodes in VRFB systems beyond graphite felt and
may contribute to the development of cost-effective energy storage
technologies.
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