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Chemically Processed Porous V2O5 Thin-Film Cathodes for
High-Performance Thin-film Zn-Ion Batteries
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Thin-film rechargeable batteries have a wide range of applications due to their
unique properties such as small size, thinness, and the ability to power smart
devices, including portable electronic devices, medical devices, smart cards,
RFID tags, and Internet of Things (IoT) devices. Processing thin-film
electrodes for these batteries generally relies on standard physical vapor
deposition technologies. However, producing porous thin-films using these
techniques presents significant challenges. Here, a rapid and cost-effective
chemical route for processing porous vanadium oxide (V2O5) thin-film
cathodes for application in Zinc-ion-based thin-film batteries (Zn-TFBs) is
explored. The V2O5 precursor process uses an industrially viable spraying
technique, which not only offers impressive charge storage performance of an
areal capacity of 47.34 μAh cm−2, areal energy of 50.18 μWh cm−2, and areal
power of 53 μW cm−2 at 50 μA cm−2 in the optimized gel-electrolyte
composition. This study introduces a cost-effective and industrially viable
method for processing highly porous thin-film cathodes, enabling the
production of high-performance, affordable, and safer thin-film batteries.
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1. Introduction

In the area of industrial 4.0, the develop-
ment of IoT has changed the interaction
way between individuals and the world
with interconnected sensing devices.[1]

Among them, fast-growing portable elec-
tronic devices, medical devices, smart
cards, RFID tags, as well as wearable
biosensing on wearable platforms require
flexible power sources with high efficiency
and sustainability.[2] Therefore, thin-film
secondary batteries, with competitive en-
ergy density, stable voltage outputs and
extended longevity, have been widely
explored.[3] Some successful downsiz-
ing and planarization has started from
rechargeable lithium-ion batteries for their
high discharge voltage, satisfied energy
density and stable cycle performance
whereas,[3–5] the concomitant poor safety,
limited reservation and fancy price im-
peded their further widespread in personal
equipment, specifically safety is a crucial

concern for wearable biosensing.[6] Therefore, alternative sec-
ondary batteries with the necessary characteristics of safer and
more affordable energy storage devices are required, while also
delivering sufficient energy to power the devices. Aqueous zinc-
ion batteries (ZIBs) could be the ideal candidates due to their
advantages, such as enhanced safety, abundant availability, eco-
nomical cost, low redox voltage of zinc (−0.76 V vs SHE), and
high theoretical capacity (820 mAh g−1, 5855 mAh cm−3). These
qualities make ZIBs suitable for operation in aqueous electrolyte
systems.[6,7]

The common cathode materials for ZIBs include manganese-
based materials, vanadium-based materials, organic compounds,
Prussian blue analogs (PBAs).[8–10] For manganese-based cath-
odes, the phase transition and slow reaction kinetics during
charge-discharge will restrict their rate capability and cycle life.[8]

For organic compounds, side reactions at zinc anode surface and
product dissolution in the aqueous electrolyte will impair their
capability.[11] Significant dissolution and degradation of PBAs
will result in their poor cycling performance.[10] By contrast,
vanadium-based materials with various stable structures and rich
valence states (+5, +4, +3) have significant specific capacity
(normally > 350 mAh g−1), rate capability and reversibility.[6,12]

Among these, V2O5 compounds, with their layered structure and
V5+ valence state, offer reversible charge storage performance.
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Their theoretical capacity of 589 mAh g−1 and layered structure
enable the control and tuning of capacities by expanding inter-
layer spacings, which facilitates Zn2+ insertion and extraction
and further enhances cycling stability.[6,11,12] Magnetron sputter-
ing, radio frequency magnetron sputtering, atomic layer depo-
sition, and chemical vapor deposition are common methods for
processing thin-film based oxide cathode materials.[6,13–15] How-
ever, these techniques generate coating thicknesses of less than
a micrometer, leading to very low mass loading of the cathode
materials. Moreover, ensuring well-aligned pores throughout re-
mains equally challenging and can hinder continuous electrode
processing.[6,14] Additionally, spray coating is a well-established
industrial procedure for processing thin-films of materials. It al-
lows for continuous, time-efficient, and cost-effective production.
In addition, the development of electrolytes compatible with Zn-
TFBs is equally important. Conventional aqueous electrolytes,
such as 3 m Zn(CF3SO3)2 or 2 m ZnSO4 used for ZIBs, are chal-
lenging to apply directly due to potential leakage, complicating
the packaging of Zn-TFBs. Hence, it is essential to explore suit-
able gel electrolytes, comprising these salts within specific poly-
mer compositions, as the overall performance of Zn-TFBs is not
only influenced by the cathode composition but also significantly
affected by the electrolyte composition.

In this study, we explored the spraying technique to produce
high-quality and porous V2O5 thin-films for high-performance
Zn-TFBs. The porous V2O5 thin-film is obtained from precursors
and then crystallized onto the current collectors, rather than di-
rect spraying of V2O5 powder. This method ensures proper adhe-
sion to the current collectors and achieves a binder- and conduc-
tive additive-free thin-film. The applied porous V2O5 thin-film,
combined with a thin Zn foil as the anode and an optimized gel-
electrolyte composition that eliminates the need for a separator in
Zn-TFBs, delivers competitive charge storage performance. Ad-
ditionally, it provides reasonably stable cycling stability and slow
self-discharge capability. This study presents a method for achiev-
ing high-performance Zn-TFBs and provides guidance for devel-
oping high-performance thin-film batteries through rapid, cost-
effective, and industrially viable processes.

2. Results and Discussion

The schematic diagram illustrates the process of preparing
porous V2O5 thin-films on Ti substrates, as shown in Figure 1a–c.
A spray solution mixture containing NH4VO3 and urea in HNO3
and DI water is deposited onto cleaned Ti substrates, followed by
annealing at 350 °C for 2 h. This process results in the formation
of a porous V2O5 thin-film with well-aligned porosities. The re-
sulting porous V2O5 thin-film is then used as the active material
for Zn-TFBs, with the assembly process depicted in Figure 1d
(details on the Zn-TFB assembly can be found in the Support-
ing Information). Figure 1e shows a digital image of the Zn-TFB,
where Zn foil serves as the anode, and the prepared porous V2O5
thin-film acts as the cathode in a gel electrolyte without the use of
separators. An in-depth analysis of the microstructure and mor-
phology of the porous V2O5 thin-film was conducted using SEM
and TEM, as shown in Figure 1f–j. The SEM image in Figure 1f
reveals a nanosheet-like, well-aligned porous V2O5 microstruc-
ture with a film thickness of ≈13 μm (Figure 1g). The porous
thin-film offers several advantages for thin-film rechargeable bat-

teries, especially when used with gel electrolytes. The porosities
facilitate effective electrolyte interaction with the electrode, in-
crease the number of active sites and electrolyte interfaces, en-
hance the surface area, and allow for better diffusion of elec-
trolyte ions, all of which contribute to improved charge storage
performance. Additionally, the disordered and porous arrange-
ment of the V2O5 nanosheets enhances material flexibility by re-
leasing local stress more easily, making it an ideal cathode ma-
terial for flexible Zn-TFBs. The TEM image in Figure 1h further
confirms the nanosheet-like morphology of the V2O5, while the
HRTEM analysis, indexed to orthorhombic V2O5, is shown in
Figure 1i,j. The calculated d-spacing of 0.83 nm corresponds to
the (001) plane, the most thermodynamically stable crystal plane
in the V2O5 lattice.[16–18] The d-spacing of 0.20 nm corresponds to
the (020) plane of orthorhombic V2O5.[19] To investigate the ele-
mental composition of V2O5, TEM-based EDS was performed,
as shown in Figure S1 (Supporting Information). The typical
nanosheet exhibits a homogeneous distribution of V (Figure S1b,
Supporting Information) and O (Figure S1c, Supporting Infor-
mation) elements, indicating the successful preparation of V2O5.

XRD analysis was conducted to examine the crystal structure
of the prepared sample, as shown in Figure 1k. The primary
diffraction peaks of porous V2O5 on a Ti substrate, observed at
2𝜃 values of 15.9°, 20.7°, 22.1°, 26.7°, 31.5°, 32.8°, 33.8°, 34.9°,
47.9°, and 51.8°, correspond to the (200), (001), (101), (110),
(301), (011), (310), (111), (600), and (020) crystal planes of V2O5,
respectively.[20] After excluding the Ti substrate peak, no impurity
peaks were detected, indicating the successful synthesis of rela-
tively pure V2O5.[20] Figure 1l shows the Raman spectra of the
porous V2O5. The lattice bending vibration of the V─O─V bond
appears at 155 cm−1. Peaks at 197 and 269 cm−1 are attributed
to the bending vibrations of the V═O and O3─V═O bonds, re-
spectively. The peaks at 415 and 474 cm−1 align with the bend-
ing vibrations of two modes of the bridging V─O─V (V─O3─V
and V─O2─V). A peak at 524 cm−1 corresponds to the triple co-
ordination oxygen stretching mode (V3─O),[21] while the peak at
701 cm−1 is attributed to the doubly coordinated oxygen stretch-
ing mode (V2−O). The characteristic bands related to the termi-
nal V═O bond are observed at 1005 cm−1.[22] Figure S1d (Sup-
porting Information) presents the FTIR spectroscopy results for
the sample. The characteristic peaks at 497 and 752 cm−1 corre-
spond to the symmetric and asymmetric stretching vibrations
of V─O─V in V2O5, respectively,[23] while the absorption peak
at 1004 cm−1 is associated with the stretching vibration of V =
O.[24] Peaks at 1615 and 1753 cm−1 are related to O─H bending,
and the peak at 3544 cm−1 is attributed to O─H stretching, all
of which originate from H2O.[25] XPS was performed to deter-
mine the composition and elemental valence states (Figure 1m).
Aside from signals from C, only V and O elements were de-
tected in the survey spectrum (Figure S2, Supporting Informa-
tion). The V 2p fine spectrum exhibited characteristic peaks for
V2p1/2 (524.73 eV) and V2p3/2 (517.28 eV), corresponding solely
to V5+ valence states,[26] indicating the high purity of the V2O5
phase synthesized by this method. The fitted O 1s fine spectrum
shows a characteristic peak at 530.08 eV, attributed to the O signal
from the V2O5 lattice.[27] O 1s peak occurring at 530.98 eV is as-
cribed to O signal from atmospheric CO2 or H2O.[28] According to
all above, the synthesized material is proved to be V2O5 with high
purity.
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Figure 1. a–c) A schematic illustration of porous V2O5 on a Ti current collector, detailing the preparation of the spray solution, spraying of the solution,
and crystallization of the spray-coated V2O5 samples. d) Schematic representation of the fabrication process for Zn-TFBs. e) A digital photograph of the
assembled Zn-TFB. f,g) SEM images of the porous V2O5 on a Ti current collector, with a typical thickness of 13 μm. h) TEM images of porous V2O5. i,j)
Calculation of d-spacing for respective crystal planes of V2O5. k) XRD patterns of porous V2O5 coated on a Ti substrate and bare Ti. l) Raman spectra
and m) XPS high-resolution spectra for V2O5.

First, to evaluate the charge storage performance of the as-
prepared porous V2O5 thin-films, we tested the cathodes by as-
sembling coin cells and conducting tests in 3 M Zn(CF3SO3)2
electrolyte before applying them in Zn-TFBs. Figure S3a (Sup-
porting Information) presents the cyclic voltammetry (CV) at dif-
ferent scan rates ranging from 0.1 to 1.0 mV s−1 within a voltage
range of 0.1 to 1.6 V. In all CV scans, two pairs of redox peaks
are observed, for example, at 1.32/0.94 V and 1.08/0.54 V when
tested at 0.1 mV s−1, which correspond to the Zn2+ intercalation
and de-intercalation processes in the V2O5 cathode.[13] To better
understand the charge storage mechanism, we performed addi-
tional calculations to differentiate between capacitive-dominant

and diffusion-dominant charge storage processes. The peak cur-
rent (ip ) of the redox peaks can be expressed with scan rate (v)
according to the following relationship: ip = avb, where a and
b are adjustable parameters. The value of b determines the na-
ture of the charge storage mechanism: a completely diffusion-
controlled process occurs when b equals 0.5, and a capacitance-
controlled process occurs when b equals 1.0.[29] To gain further
insight into the charge-discharge process, the b values were cal-
culated from the plots for the major anodic and cathodic (Figure
S3b, Supporting Information) peaks. The calculated b values for
the anodic and cathodic peaks are 0.74 and 0.53, respectively,
indicating that the overall charge storage process is primarily
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governed by diffusion-controlled mechanisms. Additionally, the
charge storage process can be divided into capacitive-controlled
(k1v) and diffusion-controlled (k2v0.5) components, based on the
current–voltage relation: i (V) = k1v + k2v0.5; i(V)/v0.5 = k1 v0.5

+ k2.[30] Using this relationship, we calculated the contributions
from diffusion-controlled and capacitive-controlled processes at
different scan rates, as shown in Figure S3c (Supporting In-
formation). Typically, at lower scan rates, Zn2+ storage is pre-
dominantly governed by diffusion mechanisms. However, as the
scan rate increases from 0.1 to 1.0 mV s−1, the influence of
diffusion-controlled processes decreases, with its contribution re-
ducing from 70% to 42%. Figure S3d,e (Supporting Information)
presents the galvanostatic discharge-charge (GDC) tests at vari-
ous specific currents and rate tests, with the calculated specific
capacities of 153, 75, and 59 mAh g−1 at specific currents of 50,
500, and 1000 mA g−1, respectively. These values exceed those
reported for cathodes produced by other methods (as shown in
Table S1, Supporting Information), highlighting the potential ad-
vantages of our chemically processed porous V2O5 thin-film cath-
odes for application in Zn-TFBs. We further evaluate the per-
formance of chemically processed porous V2O5 thin-film cath-
odes and compare their electrochemical performance with that
of V2O5 thin-film cathodes produced by sputtering. The porous
V2O5 thin-film cathodes exhibit significantly higher areal capac-
itances compared to those produced by sputtering. This high-
lights the advantages of porous V2O5 thin-film cathodes, includ-
ing an increased number of active sites, an enhanced electrolyte-
electrode interface, greater surface area, and improved electrolyte
ion diffusion (see further).

Next, we have evaluated the performance of the Zn-TFBs. De-
tails of the fabrication process are provided in the Supporting In-
formation. To achieve optimal electrochemical performance and
capacitance stability in our Zn-TFBs, we first optimized a porous
V2O5 thin-film cathode paired with a zinc anode by exploring
various gel electrolytes. These were prepared by dissolving 3 M
Zn(CF3SO3)2 in guar gum (GG) and polyvinyl alcohol (PVA) ma-
trices (see Figure S4, Supporting Information). The preparation
details for the gel electrolytes are provided in the Supporting In-
formation. The use of 3 m Zn(CF3SO3)2 results in a more con-
ductive gel electrolyte, offering much better electrochemical per-
formance compared to 2 m Zn(CF3SO3)2 in the same polymer
matrices (see Figure S5, Supporting Information). Therefore,
throughout the manuscript, we utilized 3 m Zn(CF3SO3)2 in GG
and PVA gel electrolytes, both having a similar water content of
≈47% (refer to Figure S6, Supporting Information). These elec-
trolytes present additional advantages compared to conventional
electrolytes, such as eliminating the need for a separator, sim-
plifying the packaging of thin-film batteries by reducing leakage
issues, and improving the effectiveness of the electrode and elec-
trolyte interfaces. Figure S7 (Supporting Information) presents
digital and microscopic images of Zn-TFBs, where the measured
typical thickness of the electrolyte is ≈70 μm. First, we exam-
ined the CVs at different scan rates ranging from 0.1 to 1.0 mV
s−1 over the potential range of 0.2 to 1.6 V for the Zn-TFBs us-
ing GG and PVA gels, referred to as “GG” and “PVA” through-
out the manuscript. Figure S8a–d (Supporting Information) il-
lustrates the respective CV and GDC curves of GG and PVA Zn-
TFBs. The comparative CV curves for both thin-film batteries at
scan rates of 0.2 and 1.0 mV s−1 are depicted in Figure 2a,b. It

is evident that GG shows higher areal currents than PVA at the
same scan rates. Similarly, two pairs of redox peaks at 1.21/0.89
and 0.83/0.36 V at 1.0 mV s−1 correspond to Zn2+ intercalation
and de-intercalation processes in the V2O5 cathode.[13] For the
major anodic peak (Figure 2c), the b value was 0.83 for GG, in-
dicating that the charge storage process involves both capacity-
controlled and diffusion-controlled processes. The b value for
PVA was 0.49, suggesting a diffusion-controlled process. Simi-
larly, the b values for the major cathodic peaks (Figure 2d) were
close to 0.5, indicating diffusion-controlled charge storage. These
calculations suggest that the overall charge storage mechanism in
GG involves both capacitive and diffusion-controlled processes,
whereas in PVA, it is purely diffusion-controlled. This implies
that the GG-based electrolyte offers better charge storage kinet-
ics and can operate at faster rates compared to the PVA elec-
trolyte (see further details). We calculated the contributions from
diffusion-controlled and capacitive-controlled processes at differ-
ent scan rates for both GG and PVA, as shown in Figure 2e. In the
GG Zn-TFBs, diffusion-controlled storage plays a dominant role
in Zn2+ storage at low scan rates. As the scan rate increases, the
contribution from diffusion-controlled storage decreases from
70% to 43% when the scan rate increases from 0.1 to 1.0 mV
s−1. The estimated capacitive current contribution is highlighted
by the shaded regions in the CV profiles shown in Figure S9a,b
(Supporting Information). Conversely, in the PVA-based battery,
charge storage is predominantly diffusion-controlled, with 83%
of charge storage attributed to diffusion even when the scan rate
is increased to 1.0 mV s−1.

To further understand the charge storage mechanism of the
Zn-TFB, the GG Zn-TFBs were charged and discharged to dif-
ferent states of charge, and ex situ Raman measurements were
performed at each state. This allowed for the monitoring of struc-
tural transformations and the morphology of the porous V2O5
cathodes during the charge/discharge process. Figure S10a (Sup-
porting Information) shows the Raman spectra of the porous
V2O5 cathodes at different states of charge, as displayed in Figure
S10b (Supporting Information), where the electrodes were ob-
tained by charging and discharging the porous V2O5 cathodes,
then disassembled and cleaned for ex situ Raman measure-
ments. At point A, the open circuit voltage remains at 1.06 V
without participating in any charge/discharge process. At this
stage, Raman peaks are located ≈155 cm−1 (V─O─V lattice bend-
ing vibration), 269 cm−1 (O3−V═O bond bending vibration), 524
cm−1 (V3─O bond stretching vibration), 701 cm−1 (V2−O bond
stretching vibration), and 1005 cm−1 (V═O bond stretching vi-
bration). When discharged to point B at 0.2 V, Zn2+ intercalates
into V2O5 to form ZnxV2O5·nH2O, reducing the crystallinity of
V2O5 and causing a decrease in the intensity of all peaks com-
pared to point A. As the cathode is gradually charged to point D
at 1.6 V through point C at 1.06 V, Zn2+ is slowly extracted from
ZnxV2O5·nH2O to form V2O5. The intensity of the Raman peaks
increases progressively from point B to point D. During discharg-
ing to points E and F, the peak intensity decreases again, con-
sistent with the reversible storage of Zn2+ in the V2O5 material.
The gradual emergence and fading of the Raman peaks clearly
signify the extraction and intercalation of Zn2+ ions, as noted in
previous studies.[31,32] Figure S10c–h (Supporting Information)
shows SEM images of the cathodes at various states of charge, all
exhibiting the expected nanosheet-like morphology. Additionally,
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Figure 2. a,b) Comparative CVs of GG and PVA Zn-TFBs at scan rates of 0.2 and 1.0 mV s−1 over a voltage range of 0.2 to 1.6 V. b-value calculations for
c) anodic and d) cathodic peaks of the Zn-TFBs. e) Diffusion-controlled and capacitive-controlled contribution ratios for GG and PVA at different scan
rates ranging from 0.1 to 1.0 mV s−1.

to assess the flexibility of the porous V2O5 cathodes, we bent the
cathodes to 30° and 70° and captured SEM images after bending,
as shown in Figure S11 (Supporting Information). Notably, no
distinct cracks appeared on the porous V2O5 surface, even after
bending to 30° or 70°, indicating that the porous V2O5 thin-film
cathodes in the Zn-TFBs possess good crimping flexibility.

Additionally, we have conducted extended GDC tests for the
GG and PVA Zn-TFBs at different areal currents ranging from
50 to 1000 μA cm−2 over the same voltage window of 0.2 to
1.6 V, as tested in the CVs. Figure S8c,d (Supporting Informa-
tion) displays the GDCs at different areal currents for GG and
PVA Zn-TFBs. As expected from the CV tests, the GG Zn-TFBs
show higher areal capacities compared to PVA, even at the same
areal currents. The comparative GDCs at 50 μA cm−2 (Figure
3a) and 1000 μA cm−2 (Figure 3b) clearly demonstrate higher
areal capacities when Zn-TFBs are tested in GG electrolyte com-
pared to PVA. At 50 μA cm−2, the measured areal capacities are
47.34 and 30.18 μAh cm−2 in GG and PVA, respectively, while at

1000 μA cm−2, the values are 12.10 and 5.87 μAh cm−2. Further
rate tests (Figure 3c) clearly show that Zn-TFBs tested with GG
exhibit higher areal capacities than those tested with PVA. As the
areal current increases from 50 to 100, 200, 500, and 1000 μA
cm−2, the areal capacity of GG decreases from ≈47 to 34, 27, 18,
and 12 μAh cm−2, respectively. In comparison, PVA’s areal capac-
ity drops from ≈30 to 20, 13, 8, and 6 μAh cm−2. When the areal
current is reduced stepwise back to 50 μA cm−2, GG’s capacity
fully recovers, while PVA’s areal capacity only restores to 26 μAh
cm−2, indicating a capacity retention of 87%.

To further understand the enhanced capacities of Zn-TFBs
tested with GG compared to PVA, we first conducted conduc-
tivity tests on the GG and PVA gel electrolytes by fabricating
coin cells with stainless steel (SS) symmetric current collec-
tors and performing extended EIS tests at various temperatures,
ranging from 25 to 65 °C. Figure S12a,b (Supporting Informa-
tion) displays the Nyquist plots at different temperatures for GG
and PVA, respectively. It is observed that GG exhibits higher
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Figure 3. Comparative GDCs of GG and PVA Zn-TFBs at areal currents of a) 50 μA cm−2 and b) 1000 μA cm−2. c) Rate capability (from 50 to 1000 μA
cm−2, then back to 50 μA cm−2). d) Extended cycling performance of GG and PVA Zn-TFBs. e) Self-discharge performance of GG and PVA Zn-TFBs over
350 h.

ionic conductivity (≈11.30 mS cm−1 at 35 °C) compared to PVA
(7.89 mS cm−1 at 35 °C). Tables S2 and S3 (Supporting Infor-
mation) present the ionic conductivities at different tempera-
tures, with GG showing superior ionic conductivity compared
to PVA across all temperatures. To better understand the higher
ionic conductivities observed in GG compared to PVA, we ex-
tended our testing to evaluate the viscosities of both GG and
PVA gel electrolytes. The viscosities, measured using a viscome-

ter, were 1.25 P for GG (Figure S13a, Supporting Information)
and 1.59 P for PVA (Figure S13b, Supporting Information) at
50 °C. Since higher viscosity increases the energy required for
Zn2+ ion transfer, it results in lower ionic conductivity in PVA gel
electrolytes compared to GG. This improved conductivity likely
contributes to the enhanced charge storage performance in GG
compared to PVA. Additionally, to examine Zn2+ plating and
stripping behaviors in GG and PVA gel electrolytes and their

Adv. Funct. Mater. 2024, 2417607 2417607 (6 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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corresponding activation energies, we assembled symmetric
Zn//Zn cells and tested them using EIS at different temper-
atures. The corresponding Nyquist plots are shown in Figure
S14a,b (Supporting Information). Based on the Arrhenius plots,
the calculated activation energies are 48.1 and 55.6 kJ mol−1 for
GG and PVA, respectively (Figure S14c, Supporting Informa-
tion). This further confirms that the cells with GG, having a lower
activation energy, require less energy to initiate a redox reaction.
This implies faster Zn2+ diffusion or desolvation between the
electrolyte and the zinc electrode. It is important to note that
the overall charge storage performance in ZIBs is not solely in-
fluenced by the cathode but also by the anode material. Previ-
ous studies have shown that dendrite-suppressing zinc anodes
with lower activation energies demonstrate better charge stor-
age performance compared to pristine zinc anodes with higher
activation energies, even when tested in full cells with similar
cathodes.[33] Furthermore, the Nyquist plots of GG and PVA Zn-
TFBs, shown in Figure S15a (Supporting Information), indicate
that the charge transfer resistance is lower in GG compared to
PVA, suggesting that GG electrolytes have better charge trans-
fer kinetics. As a result, the combination of higher ionic conduc-
tivity, lower activation energy, and reduced charge transfer resis-
tance in GG compared to PVA leads to superior charge storage
performance in GG electrolytes. We also extended our analysis
by estimating the relative change in Zn2+ ion diffusion coeffi-
cients, where the real impedance is related to the diffusion co-
efficient. The formula used is: Re(Z) = (RL + RD) + 𝜎𝜔

−0.5 and
Dzn2+ = R2T2

2A2n4F4C2𝜎2
= K

𝜎2
; where (RL + RD) represents the total re-

sistance from both the solution and charge transfer, 𝜎 is the War-
burg coefficient, 𝜔 is the angular frequency, and Re(Z) is the real
impedance extracted from the Nyquist plot. Dzn2+ (cm2 s−1) de-
notes the diffusion coefficient of Zn2+ ions, R (8.314 J K−1 mol−1)
is the molar gas constant, T (298.13 K) is the temperature during
testing, n is the number of electrons transferred per unit of the
polymer electrolyte, A (cm2) is the active electrode surface area,
F (96485.3383 C mol−1) is Faraday’s constant, and C is the con-
centration of Zn2+ ions in the electrolyte. Since the electrode sur-
face area and Zn2+ ion concentration are identical, the constant
K = R2T2

2A2n4F4C2
is the same for both GG and PVA Zn-TFBs. Using

this relationship, we calculated the slopes from the Re(Z) versus
𝜔

−0.5 graph shown in Figure S15b (Supporting Information). The
lower slope for the GG Zn-TFB indicates a higher Zn2+ ion dif-
fusion coefficient than that observed in the PVA Zn-TFB.[34]

Figure 3d presents the extended cycling performance of GG
and PVA Zn-TFBs over 100 cycles. After the initial 10 cycles, GG’s
capacity gradually decreases to 30 μAh cm−2 by the 100th cycle,
retaining 68% of its initial capacity. In contrast, PVA’s capacity
drops to 12 μAh cm−2 within the first 35 cycles and remains at
that level for the remainder of the cycles, indicating that GG ex-
hibits better capacity retention than PVA. Additionally, both thin-
film batteries maintain 100% Coulombic efficiency at the 100th
cycle. Therefore, Zn-TFBs based on GG not only offer higher ca-
pacities but also demonstrate better cycling stability compared
to those tested in PVA gel electrolytes. Moreover, self-discharge
tests are essential for evaluating battery performance, and we ex-
tended our studies to examine the self-discharge behavior of both
GG and PVA Zn-TFBs after charging them to 1.6 V (Figure 3e). In
these tests, GG and PVA were charged to the maximum voltage of

Figure 4. Ragone plot of GG Zn-TFB, comparing the areal energies
and areal powers with reported high-performance thin-film batter-
ies: L-V2O5//Zn,[6] LiCo2O4//Li4Mn5O12,[43] and micro-batteries:
Ni-NiO//Zn,[49] A-V2O5-G//Zn,[40] Ni//Bi,[44] Carbon//Polymer,[42]

MnO2//Zn,[39] PANI//Zn,[41] 3D Au PANI//Zn,[48] MWCNT-
VO2//MXene-TiS2,[47] VS2-MXene//Zn,[45] MnOx-polypyrole//Zn.[46]

1.6 V with an areal current of 100 μA cm−2. The changes in their
open-circuit voltage were then monitored over time. Remarkably,
both GG and PVA were able to maintain their OCVs at 1.06 and
1.07 V, respectively, for more than 350 h, showing a voltage reduc-
tion of less than 34%. This level of voltage retention exceeds that
of previously reported planar energy storage micro-devices. For
instance, a 50% voltage reduction was observed within 3 h in a Fe-
MnO2 symmetric micro-supercapacitor.[35] AC-based symmetric
micro-supercapacitors showed a 50% voltage drop after 2.5 h.[36]

A laser-written GO film-based symmetric micro-supercapacitor
took 13 h to experience a 50% voltage drop,[37] while laser-written
rGO-based symmetric micro-supercapacitors showed a 50% volt-
age reduction in less than 1 h.[38]

Additionally, we extended the calculations of the areal en-
ergies and areal powers of the GG Zn-TFBs and compared
the results with reported thin-film batteries and planar micro-
batteries in a Ragone plot (Figure 4). The calculated areal en-
ergies are ≈50.18, 32.29, 28.69, 19.18, and 12.80 μWh cm−2,
corresponding to areal powers of 53, 106, 212, 530, and 1060
μW cm−2. These performances surpass many reported micro-
batteries and thin-film batteries, such as MnO2//Zn,[39] H-V2O5-
X//Zn,[6] A-V2O5/G//Zn,[40] PANI//Zn,[41] Carbon//Polymer,[42]

LiCoO2//Li4Mn5O12
[43] and Ni//Bi.[44] Though they are slightly

lower than some high-performance micro-batteries for in-
stance, VS2-Mxene//Zn,[45] MnOx-polypyrole//Zn,[46] MWCNT-
VO2//Mxene-TiS2,[47] 3D Au PANI//Zn[48] and Ni-NiO//Zn.[49]

However, our thin-film cathode preparation, processing, and de-
vice fabrication are straightforward and efficient. This highlights
the potential of our work, particularly in the fabrication of high-
quality porous V2O5 thin-films using an industry-viable spray
technique. To further demonstrate the practical usability of our
GG Zn-TFBs, we extended the tests to power commercial elec-
tronic devices by connecting two Zn-TFBs in series. The CVs

Adv. Funct. Mater. 2024, 2417607 2417607 (7 of 9) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202417607 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [26/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

and GCDs for both series and parallel configurations are pro-
vided in the Supporting Information (Figure S16, Supporting In-
formation). Parallel integration increased the current in the CV
graph and prolonged the discharge time in the GCD graph. Se-
ries integration doubled the voltage range from 0.2–1.6 to 0.2–
3.0 V. These results demonstrate that various currents, discharge
times, and voltages can be achieved by assembling GG cells in
different configurations. For instance, two GG Zn-TFBs con-
nected in series were able to power both a red LED and an in-
door and outdoor thermometer. It was observed that the two
GG Zn-TFBs could effectively power the red LED and the in-
door and outdoor thermometer. Figure S16c–f (Supporting In-
formation) displays digital images of the red LED and the In-
door and Outdoor Thermometer with Hygrometer Clock be-
ing continuously powered for 90 min. To further understand
the advantages of our porous V2O5 thin-film cathodes com-
pared to the V2O5 thin-film cathode prepared by physical vapor
deposition (PVD) sputtering, we tested and compared the re-
sults using CV and GCD curves, as shown in Figure S17 (Sup-
porting Information). It should be noted that obtaining porous
V2O5 through the PVD technique is challenging, as indicated
in Figure S17a (Supporting Information), potentially limiting
the overall capacity in the electrode area of Zn-TFBs. As ex-
pected, the chemically processed porous V2O5 Zn-TFBs exhibit
much higher charge storage performance than the V2O5 cath-
odes produced by the sputtering technique. This leads to the
conclusion that the porous structure of the V2O5 thin-film of-
fers several benefits, including an increased number of active
sites, an enhanced electrolyte-electrode interface, expanded sur-
face area, and improved electrolyte ion diffusion. These factors
together lead to superior charge storage performance in porous
V2O5 compared to V2O5 thin-film cathodes produced by the PVD
process.

3. Conclusion

To conclude, this study presents a scalable and efficient chemical
process for producing porous V2O5 thin-films aimed at enhanc-
ing the performance of Zn-TFBs. The porous structure of the
V2O5 thin-film brings several advantages: it promotes efficient
interaction between the electrolyte and the electrode, increases
the number of active sites, improves the electrolyte-electrode in-
terface, expands the surface area, and allows for better electrolyte
ion diffusion. These factors together result in enhanced charge
storage capacity when using guar gum gel electrolytes. The Zn-
TFBs developed in this study exhibit remarkable charge storage
characteristics, with an areal capacity of 47.34 μAh cm−2, an areal
energy of 50.18 μWh cm−2, and an areal power of 53 μW cm−2 at
an areal current of 50 μA cm−2, surpassing many existing micro-
batteries and thin-film batteries. Overall, this research introduces
a cost-effective, scalable, and industry-friendly method for cre-
ating highly porous thin-film cathodes, paving the way for the
production of high-performance, affordable, and safer thin-film
batteries.
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the author.
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