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Amorphous iron vanadate (a-FVO) is a promising positive electrode for sodium-ion hybrid capacitors owing
to its high-rate capability and abundant raw material. However, the correlation between elemental
composition of a-FVO and its electrochemical properties remains poorly understood. Herein, we
investigate the electrochemical performance of a-FVO with various Fe/V ratios for sodium-ion storage. It
is found that a decrease in the Fe/V ratio enhances the reversible capacity of the electrode, while
increasing the charge-transfer energy barrier and hindering Na* diffusion. Ex situ structural
characterization reveals that the increased V content strengthens the interactions between metal—
oxygen bonds and Na* ions. Importantly, a-FVO with an Fe/V molar ratio of 1:2 features an optimal
configuration of active sites and bridging bonds, achieving balanced specific capacity and rate capability
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(capacitive contribution of ~90%) of Na* storage in it, accompanied by reversible local bond vibrations.
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This work provides insights into the important role of the local bonding environments in
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1 Introduction

With the growing market demand for intelligent electric-driven
devices, there is a critical need for electrochemical energy
storage (EES) devices capable of rapid high-energy delivery.”
Current mainstream EES devices, such as high-energy
secondary batteries and high-power supercapacitors, exhibit
an inherent trade-off between energy density and power
density.* Sodium-ion hybrid capacitors (SIHCs) consist of
battery-type and capacitor-type electrodes, thus enabling
simultaneous high energy and power density.>” They hold great
promise for widespread application in large-scale, high-power
energy storage scenarios such as smart grids, electric vehicles,
and data centers.® Recently, progress has been made in the
development of high-rate negative electrode materials such as
titanium oxides,”*® bismuth-based alloys,"*> and solvent-co-
intercalated graphite.”® Although the widely employed porous
carbon positive electrodes (e.g., activated carbon) deliver excel-
lent rate performance and ultra-long cycle life based on electric
double-layer capacitive reactions, they suffer from low specific
capacity and variations in electrolyte concentration during
operation.™ In addition, the carbon positive electrodes with low
compaction density require thick electrodes when matched
with high-capacity negative electrodes,'> which compromises
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pseudocapacitive charge storage, which is promising for high-rate electrochemical capacitors.

the power density and volumetric energy density of the SIHCs."®
Therefore, developing high-capacity positive electrode materials
with fast charge storage kinetics is crucial to alleviate the
capacity mismatch between positive and negative electrodes
and satisfy the requirements of next-generation high-
performance SIHCs.

Pseudocapacitive materials store charge via Faradaic redox
reactions while exhibiting capacitor-like kinetics."” They deliver
high specific capacity at high rates, which concurrently achieves
high energy and power density.”® Compared with crystalline
materials, amorphous materials with long-range disorder avoid
lattice constraints and facilitate pseudocapacitive charge
storage.” It was reported that the amorphous NazV,(PO,);
prepared by a wet-chemical route stores/releases Na' ions
through the pseudocapacitive-dominant reaction rather than
the intercalation reaction of crystalline NazV,(PO,)3,>* as evi-
denced by sloping charge-discharge curves without a plateau at
~3.4 Vvs. Na'/Na. When crystalline Na,VO(SO,), is transformed
into an amorphous state via ball milling, its specific capacity
(from 62.3 to 83.4 mAh g~ " at 0.01 A g~ ') and rate performance
are significantly improved with an increased capacitive contri-
bution (from 70% to 82% at 0.6 mV s~ '),* demonstrating the
great potential of amorphization in optimizing reaction
kinetics. Therefore, amorphous materials with abundant active
sites and open ion diffusion channels facilitate the rapid
insertion/extraction of large amounts of Na* ions, making them
highly promising pseudocapacitive materials.

Iron vanadate (FeV,O,) is a promising positive electrode
candidate for sodium-ion storage due to its high reactivity
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toward multiple redox couples and abundant iron reserves.*>*
Compared with widely used activated carbon, FeV,O, exhibits
higher specific capacity and compaction density, allowing for
better space utilization within devices.”® It was reported that
amorphous FeVO, electrodes experience a pseudocapacitive-
dominated Na' insertion and extraction, as verified by electro-
chemical kinetic analysis.** They display a quasi-rectangular
cyclic voltammetry (CV) curve with no distinct redox peaks
and deliver a reversible specific capacity of ~100 mAh g *,
surpassing that of the crystalline counterpart (~30 mAh g™ "). As
a typical bimetallic oxide, the stoichiometric ratio of the two
transition metals in FeV, O, may determine the density of active
sites, the local atomic bonding configurations, and electronic
states, thereby modulating reversible capacity and sodium-ion
transport rates.”® However, existing research on FeV,0, elec-
trodes primarily focuses on the use of specific stoichiometric
compounds (such as FeVO, (ref. 24) and Fe,VO, (ref. 26)),
whereas the correlation between the Fe/V ratio and electro-
chemical properties, as well as structural evolution during
cycling remain unexplored.

In this work, we investigate the differences in electro-
chemical properties of amorphous iron vanadate (a-FVO) across
varying Fe/V ratios for sodium-ion storage. Variations in the Fe/
V ratio modulate the metal-oxygen bonding configurations and
the valence states of cations, as demonstrated by Raman spec-
troscopy and X-ray photoelectron spectroscopy (XPS). With
a decreased Fe/V ratio, the enhanced specific capacity of a-FVO
stems from the increased V content. Charge storage kinetics
elucidated by impedance spectroscopy, capacitive contribution
and ion diffusivity analysis reveal that the Fe-O-V bridging
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bonds play a vital role in determining the rate capability of a-
FVO. Structural evolution analysis based on ex situ X-ray
diffraction (XRD) and Raman spectroscopy indicates that Fe—
O-V bridging bonds stabilize the local structure, and that the
structural evolution of a-FVO electrodes is composition-
independent, without obvious phase transitions during
electrochemical cycling. Importantly, a-FVO with an Fe/V ratio
of 1:2 achieves an optimal balance between specific capacity
and rate performance, making it a promising pseudocapacitive
positive electrode for sodium-ion storage.

2 Results and discussion
2.1 Structural and morphological characterization

a-FVO particles with different Fe/V stoichiometric ratios were
synthesized by a simple solvothermal method using the mixed
iron and vanadium source in proportion.”® It was reported that
Fe in the FeV;0g;-nH,0 positive electrodes shows low redox
activity and primarily serves as a bridge.”” Therefore, increasing
the V content in a-FVO is expected to increase the reaction sites.
To verify this hypothesis, a series of a-FVO samples with
decreasing Fe/V ratios (Fe/V = 1:1, 1:2, 1:4, denoted as
F1V10, F1V20, and F1V40, respectively) were prepared.
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) results confirm that the measured values of the Fe/V
atomic ratios are consistent with the designed values across
the compositional series (Fig. 1a). XRD patterns of the three
samples present featureless diffraction profiles without distinct
peaks (Fig. 1a), indicating their amorphous nature. Raman
spectroscopy was carried out to characterize the local bonding
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Fig. 1
SEM images of (d) F1V1O, (e) F1V20, and (f) F1V40.
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(a) XRD patterns and ICP-OES measurement results, (b) Raman spectra, and (c) N, adsorption—desorption isotherms of a-FVO powders.
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Fig. 2 (a) Fe 2p and (b) V 2p XPS spectra of the a-FVO powders. (c) Quantitative ratio of Fe* and Fe3* in a-FVO calculated from (a). (d)
Quantitative ratio of V** and V°* in a-FVO calculated from (b). (e) Average valence state of Fe and V in a-FVO with various Fe/V ratios.

environment of a-FVO. The Raman signals of the characteristic
vibrational modes for the three samples are mainly located at
200-400, 700-800, and 850-1000 cm~* (Fig. 1b). Signals located
in the lower Raman shift region mainly correspond to Fe-O
stretching vibrations, where the peak at ~220 cm™ " is assigned
to A;; modes and peaks at ~280 and ~400 cm ™' belong to E,
modes.?®?* The broad peak at ~723 cm ™' corresponds to Fe-O-
V bridging bonds,**** and the splitting peaks observed between
800 and 1000 cm ™ * originate from V-0 stretching vibrations.?32
F1V20 and F1V40 show stronger V-O peaks compared to
F1V10, indicating that the decrease in the Fe/V ratio induces
more V-O bonds. Nitrogen adsorption-desorption measure-
ments (Fig. 1c) reveal a positive correlation between the Fe/V
ratio and specific surface area (52.6 m* g~' for F1V10, 26.4
m?® g for F1V20, and 11.0 m* g~ ' for F1V40). The scanning
electron microscopy (SEM) images (Fig. 1d-f) show that the
three samples consist of irregular particles. Their particle sizes
increase with the decline of the Fe/V ratio (~50 nm for F1V10,
~85 nm for F1V20, and ~200 nm for F1V40), which is consis-
tent with the specific surface area results (Fig. 1c). Energy
Dispersive Spectroscopy (EDS) mappings indicate the existence
of Fe, V and O in the three a-FVO samples and the uniform
distribution of elements in all samples (Fig. S1).

This journal is © The Royal Society of Chemistry 2026

2.2 Valence state characterization of transition metals

XPS was conducted to investigate the valence states of transition
metals in the samples. The Fe 2p;/, binding energy of 709.6 eV is
assigned to Fe** (Fe-O-V bond),*® while the peak at 710.8 eV
corresponds to Fe** (Fe-O) (Fig. 2a).3* For the V 2p;,, spectra
(Fig. 2b), the binding energy of 515.9 eV is consistent with V**
(Fe-O-V bond), while the peak located at 517.2 eV is assigned to
V>* (V-0 bond).** The quantitative deconvolution results of Fe
2p spectra show that the proportion of Fe*" increases from 45%
to 65% and further to 89%, whereas the proportion of Fe**
decreases from 55% to 35% and further to 11% (Fig. 2¢). These
results indicate that the decreased Fe/V ratio reduces the
content of Fe-O-V bridging bonds. Quantitative analysis of
the V 2p spectra indicates a similar increase in the proportion of
V** along with a decrease in the proportion of V** (Fig. 2d),
suggesting an increase in the content of V-O bonds. EDS
elemental mappings (Fig. S1) confirm uniform distribution of
Fe and V throughout the particles, indicating that the bulk and
surface regions of the a-FVO samples have the same Fe*/Fe’*
and V**/V®" ratios. Fig. 2e shows the average chemical valences
of Fe and V in the three samples calculated based on the
deconvolution results. With the decreasing Fe/V ratio, the
average chemical valence of Fe increases from +2.45 to +2.65

J. Mater. Chem. A
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Fig. 3 (a) GCD profiles of the three a-FVO electrodes at 0.05 A g%, (b) Reversible capacity and OCV of the a-FVO electrodes with various Fe/V
ratios. (c) CV curves at 0.2 mV s, (d) Rate performance. (e) GCD profiles of F1V20 at various specific currents. (f) Cycling performanceat 1A g~

(g) GCD profiles of F1V20 during cycling at 1 A g%,

and further to +2.89, and that of V also increases from +4.47 to
+4.72 and further to +4.79. The elevated V valence strengthens
the polarization effect on O atoms and weakens the electron-
donating capability of O in the Fe-O-V bond, thereby weak-
ening the shielding effect on Fe and raising its valence state.***”
These results demonstrate that regulating the Fe/V ratio
modulates the local bonding structure, thereby influencing the
valence states of the transition metals in a-FVO.

2.3 Electrochemical performance

The electrochemical behavior of a-FVO was measured in coin
cells employing sodium metal as a counter/reference electrode
and 1 M NaPF, in diglyme as the electrolyte. Fig. 3a shows the
galvanostatic charge-discharge (GCD) profiles of the three a-
FVO electrodes at a specific current of 0.05 A g~ in the poten-
tial range of 2.0-4.0 V vs. Na'/Na. The open-circuit voltage (OCV)
of the a-FVO electrodes increases with a declining Fe/V ratio
(2.68 V for F1V10, 3.17 V for F1V20, and 3.41 V for F1V40),
which is attributed to the change in the oxidation states of the
transition metals.***® Because the as-synthesized a-FVO samples
are inherently sodium-deficient, the electrodes require electro-
chemical pre-sodiation prior to charge-discharge cycling. The
initial sodiation capacity of F1V20 lies between those of the

J. Mater. Chem. A

other two compositions, which is consistent with its interme-
diate transition-metal valence state. The desodiation and
sodiation profiles of all three electrodes show sloping curves,
indicating a capacitor-like behavior without phase transitions
during the insertion/extraction of Na' ions. The initial
Coulombic efficiency of F1V10, F1V20 and F1V40 is 109.9%,
95.0% and 93.3%, respectively (Table S1). The reversible specific
capacities of F1V10, F1V20 and F1V40 are 45.0, 85.5 and 100.8
mAh g~ ' at 0.05 A g~ (Fig. 3b) respectively, demonstrating
a dependence of reversible capacity on the Fe/V ratio. Although
the specific surface area of a-FVO positive electrodes decreases
with the decreased Fe/V ratio, their specific capacity increases,
indicating that their capacity is not determined by morpho-
logical effects. The d-band center of V** is closer to the Fermi
level with a lower oxidation energy barrier, while Fe** requires
a stronger electric field driving force and shows weak electro-
chemical activity;”” thus Na" ions preferentially undergo storage
reactions at V sites.*>** The variation of the Fe/V ratio regulates
the proportion of active sites and available Na" storage sites.
Although elevated vanadium content improves specific
capacity, abundant intrinsic defects reduce the initial
Coulombic efficiency and reversibility of sodium ion insertion/
extraction. The quasi-rectangular CV curves of the cycled F1V20

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Nyquist plots of the F1V20 electrode at various temperatures. (b) Arrhenius plots of the a-FVO electrodes. (c) CV curves of F1V20 at

sweep rates of 0.2-1.0 mV s %

. (d) Capacitive and diffusion contributions for the a-FVO electrodes at 1 mV s~ (e) GITT curves of the three a-FVO

electrodes. The inset is a local magnification of the relaxation curve for F1IV20O. (f) Logarithm Dy,+ and Ei—E; vs. specific capacity plots of the a-

FVO electrodes.

electrode further confirm the capacitive-dominant Na*
insertion/extraction behavior (Fig. 3c).

The rate performance of the a-FVO electrodes for electro-
chemical Na" insertion/extraction is shown in Fig. 3d. F1V10
exhibits high capacity retention at high rates, but delivers
limited capacity. Conversely, F1V40 delivers a higher capacity
but undergoes severe capacity decay at higher rates. F1V20 with
a modest Fe/V ratio achieves a favorable balance between
specific capacity and rate performance, retaining a capacity of
85.5, 52.6 and 38.2 mAh g~ " at the specific current of 0.05, 4 and
15 A g™, respectively. It also maintains sloping GCD profiles
and low polarization with increasing charge-discharge rates
(Fig. 3e). Compared with the reported pseudocapacitive positive
electrode (Table S2), the amorphous F1V20 positive electrode
exhibits superior rate capability but a lower reversible capacity.
In addition, in contrast to amorphous F1V20, crystalline F1V20
shows a low specific capacity of 30 mAh g~ * and exhibits broad
redox peaks in its CV curve (Fig. S2), revealing that amorphous
FVO positive electrodes have a stronger Na' storage capability
than their crystalline counterparts.

When cycled at a low specific current of 0.2 A g~ (Fig. S3),
F1V20 delivers a reversible capacity of 78.94 mAh g~ ' lying
between those of F1V10 and F1V40, with 95% capacity reten-
tion after 100 cycles. All three electrodes show excellent long-
term cycling stability (105% capacity retention after 1000
cycles for F1V20) at 1 A g~ (Fig. 3f). The GCD curves of F1V20
during cycling overlap well with a slight capacity increase
(Fig. 3g), which may be attributed to the gradual activation of
internal transition metals within the material. Furthermore, ex
situ XRD patterns of the three a-FVO electrodes after 1000 cycles
still lack distinct diffraction peaks, confirming preservation of

This journal is © The Royal Society of Chemistry 2026

the amorphous structure after long-term cycling (Fig. S4). The
above electrochemical results indicate that a Fe/Vratioof 1: 2 in
a-FVO optimizes Na' insertion/extraction, achieving an optimal
balance among high capacity, high-rate capability and long-
term cycle stability.

2.4 Kinetic analysis of charge storage

Electrochemical impedance spectroscopy (EIS) measurements
were performed to investigate the reaction kinetics of a-FVO
electrodes with different Fe/V ratios. Fig. 4a, S5a and b show
the EIS spectra of the three a-FVO electrodes after full des-
odiation at various temperatures (0-50 °C). Their Nyquist plots
all exhibit a semicircle in the high-frequency region and
a straight line in the low-frequency region, corresponding to
charge-transfer resistance (R..) and Warburg impedance based
on the equivalent circuit given in Fig. S5a and b. The R, values
of the three electrodes remain relatively low (2-4 Q) and decline
with increasing temperature (Fig. S5c). The charge-transfer
activation energy could be calculated by fitting the In(7/R.) vs.
1000/T plots based on the Arrhenius equation (eqn (1)):*>*

oT = Aexp (kEdT> (1)
B

where A is the pre-exponential factor, E, is the apparent acti-
vation energy, kg is the Boltzmann constant, ¢ is the ionic
conductivity, and T is the absolute temperature. The apparent
activation energy for charge transfer of F1V10 (483.6 meV) is
lower than those of F1V20 (493.8 meV) and F1V40 (506.7 meV)
(Fig. 4b). This means that a-FVO with a higher Fe/V ratio could

J. Mater. Chem. A
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Fig. 5
F1V20 electrode.

achieve better kinetics, which is consistent with the experi-
mental results (Fig. 3d).

To analyze the kinetics of the charge storage process, cyclic
voltammetry (CV) measurements at varying sweep rates were
conducted on the a-FVO electrodes. All three electrodes show
quasi-rectangular CV curves with uniformly increasing current
intervals as the sweep rate increases (Fig. 4c and S6). A quantitative
deconvolution of the charge storage process was performed to
separate the current response (i) into capacitive (k) and
diffusion-controlled (k%) contributions using eqn (2).*

i(v) = kyv + ko2 @)

Fig. S7 shows the capacitive contribution of the current
response in the CV curves for the three a-FVO electrodes at 1 mV
s . F1V10 (94%) and F1V20 (89%) have a higher capacitive
contribution than F1V40 (78%) (Fig. 4d and S7), confirming
faster charge-transfer kinetics and superior pseudocapacitive
behaviors for the former two samples. For F1V40, the increased
diffusion-controlled contribution may originate from the
stronger hindrance between V-O bonds with high bond energy
and Na' ions.*>*® With the increase in Fe/V ratios, the gradually
decreased capacitive contribution indicates that the Fe-O-V
bridging bonds significantly modulate the pseudocapacitive
response (Fig. 4d).

J. Mater. Chem. A

Raman shift (cm™)

(a) Ex situ XRD patterns and (b) ex situ Raman spectra of the F1V40O electrode. (c) Ex situ XRD patterns and (d) ex situ Raman spectra of the

The Na' diffusivity (Dn.) and kinetic hysteresis during
cycling were measured via the galvanostatic intermittent titra-
tion technique (GITT).* The apparent Dy, with sufficient
relaxation time was calculated using eqn (3).

4 (mV,\?(AE)\’
T (m) (AE[)

where 7 is the duration of the current pulse, m is the mass of the
active material, V;, is the molar volume, S is the active surface
area, M is the molar mass, AE, represents the quasi-steady-state
potential difference, and AE, refers to the transient potential
difference during the current pulse. Fig. 4e displays the relax-
ation curves of a-FVO electrodes with different Fe/V ratios at
0.02 A g~ . The calculation results show that Dy,+ of the F1V20
electrode is 107°-10""° cm® s~ (Fig. 4f), lying between those of
F1V10 and F1V40. The potential difference (E~E;) between the
transient potential and quasi-steady state potential also reveals
an Fe/V ratio-dependent polarization behavior (Fig. 4f). All three
electrodes exhibit a low E-Eg value (<0.1 V) with a slight
increase during the final stage of desodiation (3.5-4.0 V).
Overall, the calculated activation energy, capacitive contribu-
tion and Na" diffusivity results demonstrate the critical role of

the Fe-O-V bonds in determining the electrode reaction
kinetics.

Dy, =

(3)
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2.5 Structural evolution

Ex situ XRD and Raman spectroscopy were carried out to
investigate the structural evolution of a-FVO electrodes during
electrochemical sodiation and desodiation. XRD patterns of the
F1V40 electrode retain its pristine amorphous characteristics
throughout the electrochemical pre-sodiation and subsequent
cycling (Fig. 5a). In contrast, its ex situ Raman spectra reveal
slight local structural variations. During initial pre-sodiation to
2.0 V, peaks assigned to the V-O bonds at 690 and 960 cm ™"
both slightly shift toward lower Raman shifts, accompanied by
an increase in the full width at half maximum (FWHM) (Fig. 5b).
The increase in FWHM suggests increased structural disorder
and heterogeneity in the local bonding environments, which
create a more tortuous pathway for Na' diffusion, thereby
increasing the diffusion-controlled contribution in response
currents and slowing down the reaction kinetics. During
subsequent desodiation and sodiation processes, the peaks
corresponding to V-O bonds return to their pristine positions
and then shift again to lower Raman shifts, accompanied by
partial narrowing and broadening of their FWHM. The red
shifts of the Raman peaks in F1V40 could arise from local
bonding expansion or distortion around Fe/V centers after Na*
insertion, thereby slowing down the rapid transport of Na' ions
with increasing sodiation depth. This indicates that the local
environment of internal V-O bonds may be altered when F1v40
reacts with Na' ions, thereby hindering sodium-ion transport.*
Thus, a lower Fe/V ratio endows F1V40 with abundant active
sites to yield high specific capacity, while the enhanced inter-
molecular interactions restrict charge-transport kinetics. For
the F1V20 electrode, ex situ XRD patterns show that it retains its
pristine amorphous characteristics during initial electro-
chemical pre-sodiation and subsequent cycling (Fig. 5¢), indi-
cating the absence of long-range structural phase transitions. At
the local structural level, ex situ Raman spectra capture slight
changes in the bonding configuration of F1V20 during
electrochemical cycling. During the pre-sodiation process, the
FWHM and peak positions of the Fe-O bonds at 247, 297 and
372 em ™' remain unchanged (Fig. 5d), while the FWHM of the
Fe-O-V bridging bond at 716 cm™" and the V-O bond at
945 cm ' are slightly broadened. This indicates that charge
storage reactions preferentially occur at vanadium sites,*>*
thereby accounting for the higher specific capacity of F1V20
than that of F1V10 (Fig. 3b). Compared with F1V40, the FWHM
of the Fe-O-V and V-O bonds in F1V20 are slightly compressed
and broadened during subsequent desodiation and sodiation
processes, confirming smaller structural evolution. In the
optimal F1V20 composition, the abundant Fe-O-V bridging
bonds construct a highly interconnected and flexible local
structure. This structure may facilitate rapid Na“ diffusion
through low-energy pathways, thus enabling it to exhibit better
performance than F1V10 and F1V40.

These results indicate that optimizing the Fe/V ratio of a-FVO
electrodes enhances the pseudocapacitive response and miti-
gates structural evolution, thereby achieving excellent cycling
stability (Fig. 3f).

This journal is © The Royal Society of Chemistry 2026
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3 Conclusions

In summary, we systematically investigated the correlation
between the composition (Fe/V ratios) of a-FVO positive electrodes
and their electrochemical sodium-ion storage properties. Tuning
the Fe/V ratio modulated the valence states of cations and the local
bonding configurations, thereby significantly optimizing storage
and diffusion abilities for Na* ions. Decreasing the Fe/V ratio
increased the number of redox-active V sites within the structure,
leading to enhanced specific capacity. Kinetic analysis revealed
that the electrodes enriched with Fe-O-V bridging bonds exhibi-
ted lower charge-transfer activation energy, enhanced capacitive
contribution and improved Na® diffusivity. Compositional opti-
mization revealed that the F1V20 electrode contained an optimal
content of Fe-O-V bridging bonds, achieving a favorable balance
between specific capacity (85.5 mAh g " at 0.05 A g ') and rate
performance (38.2 mAh g * at 15 A g ). Based on the kinetic
analysis of charge storage, the pseudocapacitive Na' storage
mechanism of F1V20 was elucidated. During cycling, it retained
the pristine amorphous structure without phase transitions, and
only involved slight local bond elongation and contraction. This
work provides insights into the crucial function of compositional
engineering in regulating the reaction kinetics and electro-
chemical performance of multimetal oxide electrodes, offering
guidance for the development of high-capacity and high-rate
positive electrodes for future SIHCs.
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