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Ultralow-concentration electrolyte boosting K0.486V2O5 for high-
performance proton storage
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ABSTRACT High-concentration electrolytes are considered a
promising tool for widening stable electrochemical windows
and enhancing the electrochemical performance of aqueous
batteries. However, their high cost, high viscosity, and low
conductivity remain thorny issues. Because of the special
Grotthuss mechanism of protons in water, proton batteries
can use a low-concentration electrolyte to obtain sufficient
kinetic performance. Herein, we present an unusual, ultralow-
concentration sulfuric acid (0.01 mol L−1) electrolyte to boost
the electrochemical stability of K-ion pre-intercalated V2O5
(K0.486V2O5, KVO). The KVO electrode exhibits a high re-
versible capacity of approximately 129 mA h g−1 at a low cur-
rent density of 50 mA g−1 and impressive capacity retention of
78% over 20,000 cycles at 1 A g−1. Ultralow-concentration
electrolyte chemistry will open a novel route to exploit durable
and low-cost aqueous energy storage systems.

Keywords: proton storage, ultralow-concentration electrolyte,
Grotthuss mechanism, K0.486V2O5, high stability

INTRODUCTION
Green and sustainable energy, notably wind power and solar
energy, is emerging as a weapon against carbon dioxide emis-
sions [1–3]. However, because of the indigenous properties of
on-again and indeterminacy in the electrogenesis and con-
sumption, a substantial demand-supply imbalance is needed for
grid storage to couple the sustainable green energy systems. A
high-efficiency energy storage system (ESS), particularly elec-
trochemical energy storage (EES) technology, has great promise
since it is less geographic and provides a modular solution [4–6].
In terms of large-scale application, the key parameters, including
safety, cost, life span, energy density, and power density, are
crucial for EES devices, particularly the first three parameters.
Because of their low cost and internal security, aqueous
rechargeable batteries (ARBs) occupy a unique position in the
field of energy storage, particularly for grid-scale energy storage
[7–9]. The research community has focused on earth-enriched
metal ions, such as Na+, K+, Zn2+, Mg2+, and Al3+, as the charge
carriers [10–14]. In comparison, few researchers have con-
sidered nonmetallic ions. Given the large mass and radius of
metal ions, a proton is an ideal charge carrier for rechargeable

batteries because of its small radius, extensive availability, and
low cost [15,16]. More importantly, protons can be transported
through fast structural diffusion, which is the so-called Grot-
thuss mechanism [17,18]. In this transport mechanism, hydro-
gen bonding (H···O) and covalent bonding (H–O) switch
between H2O molecules, leading to the fast conduction of pro-
tons through the hydrogen-bonding network. In contrast, sol-
vated metal ions diffuse individually through the electrolyte [19].
In general, tunnel-type or layered vanadium-based oxides are

usually used as electrode materials for ARBs [20–25]. V2O5 is
known for being slightly soluble in water, producing a yellowish
acidic solution. The dissolution of V2O5 results in capacity
fading due to the loss of active material. Most research has
shown that guest ions or molecules (such as metal ions and
water molecules) pre-intercalated into host structures of vana-
dium-based oxides can effectively alleviate the above problem
and further improve the electrochemical properties [26–28]. For
example, Kundu et al. [29] reported a double-layered
Zn0.25V2O5·nH2O nanoribbon pre-embedded with Zn2+ and
H2O, which proved that the two guests can be used as “pillars” to
substantially improve the zinc storage capacity and cyclic sta-
bility of V2O5.
In addition, the electrolyte concentration greatly influences

electrochemical performance. Most research attention has
focused on high-concentration electrolytes, especially in ARBs,
because of the special interface and bulk structures in these
solutions [30–32]. Although high-concentration electrolytes,
particularly “water-in-salt” (WIS) electrolytes, have greatly
widened the stable electrochemical window of aqueous electro-
lytes and enhanced electrochemical performance, they also bring
problems like high cost, high viscosity, and low conductivity
[33,34]. In contrast, little attention has been paid to low-con-
centration electrolytes. Although low ionic conductivity may
cause concentration polarization, reducing the salt concentra-
tion to form an ultra-dilute electrolyte has not been explored
[35,36]. Fortunately, because of the special Grotthuss mechan-
ism of protons in water, proton batteries can use a dilute elec-
trolyte to acquire sufficient kinetic performance.
Herein, we successfully demonstrate the efficacy of K-ion pre-

intercalated V2O5 (KVO) as a favorable active material for
proton storage in an ultralow-concentration electrolyte (i.e.,
0.01 mol L−1 H2SO4), showing ultra-stable electrochemistry. The
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KVO cathode exhibits rapid ion migration and good structural
stability in an aqueous electrolyte. When used as a positive
electrode material, compared with metal ion (Na+, K+) electro-
lytes and other low-concentration acidic electrolytes, KVO
delivers the highest reversible capacity of up to approximately
129 mA h g−1 at a current density of 50 mA g−1 in 0.01 mol L−1

H2SO4. More importantly, capacity retention of approximately
63% can be achieved after 50,000 cycles at 1 A g−1 in this low-
concentration electrolyte.

EXPERIMENTAL SECTION

Synthesis of KVO
KVO was prepared via a general hydrothermal method
according to the previous report [37]. Typically, 1 mmol V2O5
and 13.5 mmol KI were added to 30-mL deionized water under
stirring. Then, 30-mmol KCl was added to the above mixed
solution with continuous stirring for 1 h. Subsequently, this
mixed solution was transferred to a 50-mL Teflon-lined stainless
steel autoclave and heated to 200°C for 24 h. After hydrothermal
growth, the precipitate was collected by centrifugation and
washed several times with ethanol and deionized water. Finally,
the obtained sample was dried in an oven at 80°C for 24 h.

Material characterization
The crystal structure was characterized on a Rigaku Ultra 250
with Cu Kα irradiation. The microscopic morphologies were
characterized using field-emission scanning electron microscopy
(FE-SEM, QUANTA 450) and transmission electron microscopy
(TEM, JEOL JEM-2100F). A N2 adsorption-desorption isotherm
was collected on a Micromeritics ASAP2460 analyzer. X-ray
photoelectron spectroscopy (XPS) analysis was performed on a
Perkin-Elmer PHI 550 spectrometer with Al Kα (1486.6 eV) as
the X-ray source. Thermogravimetric (TG) analysis was carried
out on a TA STD650 thermal analyzer under N2 atmosphere at a
temperature ramp of 5°C min−1.

Electrochemical measurement
The electrochemical measurements were conducted in a three-
electrode Swagelok cell setup, where KVO on carbon paper was
used as the working electrode, free-standing activated carbon
(AC) film was used as the counter electrode, and a Ag/AgCl
electrode (1 mol L−1 KCl) served as the reference electrode. The
working electrode was prepared by mixing KVO, conductive
agent acetylene black, and carboxymethyl cellulose (CMC) bin-
der with a mass ratio of 7:2:1 in deionized water, where the
homogeneous slurry was then cast onto the carbon paper. The
active mass loading of the working electrode was approximately
1 mg cm–2. An AC counter electrode was prepared by mixing
AC, acetylene black, and polytetrafluoethylene (PTFE) with a
mass ratio of 8:1:1 and a mass loading of approximately
20 mg cm−2. AC was purchased from KurarayTM. We also used
PTFE as the binder to prepare the free-standing films of the
working electrodes for the ex situ X-ray diffraction (XRD), XPS,
and TG measurements. All electrodes were dried at 60°C for
12 h under a vacuum. The filter paper was used as the separator.
Notably, the surface area of the filter paper separator was only
approximately 2 m2 g−1 (Fig. S1a). The pore sizes were mainly
distributed from 2 to 10 nm (Fig. S1b). Titanium rods were used
as the negative electrode and positive electrode current collec-
tors.

The full cell was assembled in a standard CR2032-type coin
cell, where KVO was used as anode and cathode materials. The
optimized mass ratio between anode and cathode was 1:1. All
electrochemical measurements were performed at room tem-
perature.
The energy density (E, W h kg−1) and power density (P,

W kg−1) of the full cell can be obtained as follows [38,39]:

E UI t= d , (1)
t

t

2

1

P E t= / , (2)

t t t= – , (3)2 1

where I (A g−1) is the current density normalized by the active
mass in the cathode, t1 and t2 (h) are the starting and ending
times of the discharge process, respectively, and U (V) is the
voltage.

RESULTS AND DISCUSSION

Structural and morphology analysis
The as-prepared KVO was characterized by XRD to confirm its
crystal structure. As shown in Fig. 1a, the XRD pattern matches
well with monoclinic K0.486V2O5 (JCPDS No. 86-0347) [40]. No
significant peaks of other phases were detected, indicating the
high purity of KVO. The inset of Fig. 1a shows the crystal-
lographic arrangements of KVO along the b-axis. The structural
framework consists of a bilayer network of edge-sharing twisted
VO6 octahedra, where the bilayers are stacked along the c-axis
direction. K-ions are located between the V2O5 bilayers, forming
a sandwich structure, which improves the reaction dynamics and
reinforces the structural stability. Fig. 1b, c show the SEM
images of KVO, where the nanorods are 100–150 nm wide and
several micrometers long. This nanorod structure will shorten
the ion diffusion distance, adapt to lattice strain, and improve
the interface stability between the electrode and electrolyte. The
detailed morphology of KVO was further investigated using
TEM, which further reveals the nanorod structure (Fig. 1d).
High-resolution TEM (HRTEM) reveals the (001) crystal plane
of KVO with an interplanar distance of 0.95 nm (Fig. 1e), where
the large interlayer may help accommodate the charge carrier.
Furthermore, according to the N2 adsorption/desorption iso-
therm (Fig. S2), KVO has a moderate surface area of approxi-
mately 21.8 m2 g−1. TG (Fig. 1f) and XRD (Fig. S3) data
demonstrate the structural stability of KVO in water. XPS was
used to analyze the elemental composition and valence state. As
shown in Fig. S4a, the XPS survey spectrum proves the presence
of K, V, and O elements, which demonstrates that K-ions are
successfully embedded in V2O5 bilayers. The HR V 2p3/2 XPS
result (Fig. S4b) shows that V is in the +4 (516.5 eV) and +5
(517.9 eV) valence states [41,42]. Notably, the peak area ratio of
+5 and +4 is approximately 3.2, which further indicates that the
K (i.e., V4+) content of KVO is approximately 0.48.

Electrochemical performance of KVO
The proton storage performance of KVO was evaluated in a
three-electrode cell setup with a potential window from 0 to
1.1 V (all three-electrode cell potentials hereafter are referred to
as Ag/AgCl). From the galvanostatic charge-discharge (GCD)
curves, the KVO electrode provides a reversible capacity of
approximately 94 mA h g−1 at a current density of 100 mA g−1 in
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0.01 mol L−1 sulfuric acid electrolyte (Fig. 2a). As shown in
Fig. 2b, when the current densities increase from 50 to
2000 mA g−1, the corresponding discharge capacities are 129, 94,
81, 57, 40, and 31 mA h g−1, respectively. In addition, the KVO
electrode also possesses outstanding cycling stability, with a 78%
capacity retention at 20,000 cycles and 53% at 50,000 cycles
under a current density of 1 A g−1 (Fig. 2c). Moreover, the
proton storage in carbon paper is very limited, as demonstrated
by the cyclic voltammetry (CV) curves of carbon paper and
KVO electrodes in Fig. S5. We also tested the electrochemical
performance of V2O5 in 0.01 mol L−1 H2SO4 electrolyte. As
shown in Fig. S6, the electrochemical performance of V2O5 is far
inferior to that of KVO. For example, the specific capacity of
V2O5 is only approximately 30 mA h g−1 at 50 mA g−1. The
results indicate that the electrochemical properties of V2O5
materials will be substantially improved by the pre-embedded K-
ions.
Subsequently, a series of sulfuric acid electrolytes with dif-

ferent concentrations were used to investigate the significance of
concentration. In Fig. 2d, e, the KVO electrode has the best rate
capability in 0.01 mol L−1 sulfuric acid. Although the initial
capacity (~143 mA h g−1) is the highest using the 0.1 mol L−1

electrolyte at a low current density of 50 mA g−1, the capacity of
~20 mA h g−1 is the lowest among the various concentrations of
electrolyte at subsequent 100 mA g−1, indicating an unstable
structure (Fig. S7) and cycling performance under a relatively
high acidic condition. The limited proton storage capacity in the
lower concentration electrolyte solutions is due to the low ionic
conductivity. Fig. S8 further compares the electrochemical per-
formance of the KVO electrode using the same concentration of
electrolyte solution (0.01 mol L−1) with different cations (H+,
Na+, and K+). At 50 mA g−1, KVO electrodes deliver similar
capacities of only approximately 30 mA h g−1 in 0.01 mol L−1

Na2SO4 and K2SO4 electrolytes. As shown in Fig. S8b,

0.01 mol L−1 H2SO4 exhibits the best rate capacity among the
aforementioned three cationic electrolytes. Therefore,
0.01 mol L−1 H2SO4 is the optimal electrolyte and is selected for
the following analysis.

Energy storage mechanism analysis
To determine whether H2O is co-intercalated or de-intercalated
into or out of the structure of KVO with proton, we conducted
TG analysis. Notably, according to Fig. 1f and Fig. S9, over the
first charge with the K-ion de-intercalated out from KVO, the
additional lattice water is absorbed into the structure of KVO.
During the first protonation, some lattice water is expelled from
KVO. Therefore, the migration direction of H2O is opposite to
that of charge carriers. The overall result is naked proton
intercalation rather than hydronium ion insertion in the initial
protonation process. The complicated migration process of
charge carriers needs further probing in the future.
To explore the evolution of the KVO crystalline structure

during GCD, we conducted ex situ XRD studies during the first
cycle (Fig. 3a–c). As shown in Fig. 3b, the main peaks shift to a
lower degree after de-potassiation, suggestive of structural
expansion along the c-axis. Upon protonation to 0 V, the main
peaks gradually return to a higher degree. Notably, the evolution
of the (001) diffraction peaks (Fig. 3c) is particularly interesting.
When the KVO electrode is incipiently charged to 0.9 V, the
(001) peak shifts to the left obviously, which may be due to the
large amount of water intercalation with increasing layer spa-
cing. In addition, interestingly, when the electrode is con-
tinuously charged to 1.1 V, the (001) peak only moves to a
slightly lower angle, which is indicative of the relative trade-off
between the effects of K-ion de-intercalation and water inter-
calation. When the KVO electrode is gradually discharged from
1.1 to 0 V, the (001) peak shifts to the right, but it does not
return to the initial position. This phenomenon is mainly due to

Figure 1 Physical characterization of KVO. (a) XRD pattern and crystal structure (inset) of KVO. SEM images (b, c) and TEM images (d, e) of KVO. (f) TG
data of the as-prepared KVO before and after soaking in water for 3 h.
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Figure 2 Electrochemical characterization of the KVO electrode. (a) First five GCD curves at a current density of 100 mA g−1 in 0.01 mol L−1 electrolyte.
(b) Typical GCD curves in 0.01 mol L−1 electrolyte from 0.05 to 2 A g−1. (c) Cycling stability in 0.01 mol L−1 electrolyte at a current density of 1 A g−1.
(d) Typical GCD curves in different concentrations of sulfuric acid electrolyte solution at 100 mA g−1. (e) Rate performance in different concentrations of
sulfuric acid electrolyte.

Figure 3 (a) GCD curves of the KVO electrode at 0.1 A g−1. (b) Ex situ XRD patterns of the KVO electrode under different charge and discharge states.
(c) Evolution of the (001) peak of the KVO electrode. (d, e) Ex situ XPS spectra of the KVO electrode at selected SOCs.
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the residual water between bilayers, which is consistent with the
results of TG in Fig. S9. We further conducted ex situ XPS to
study the valence state of V in KVO during the first GCD
(Fig. 3d, e). All V 2p3/2 spectra are deconvoluted into two peaks
with binding energies at 517.9 and 516.5 eV, corresponding to
V5+ and V4+, respectively. When the KVO electrode is initially
charged to 1.1 V gradually, the V5+ signal increases, and the V4+

signal decreases. This result demonstrates that some V4+ is
oxidized to V5+ during the charging process. Subsequently, while
the KVO electrode is discharged to 0 V, some V5+ is reduced to
V4+ again, resulting in a decrease in the V5+ signal and an
increase in the V4+ signal. As shown in Fig. 3e, the valence state
of V returns to the original state after full protonation, further
demonstrating the high reversibility of the electrochemical
reaction.

Kinetic analysis of KVO
To further detect the kinetics of the KVO electrode for proton
storage, CV curves were obtained with scanning rates from 2 to
6 mV s−1. As shown in Fig. 4a, the CV curves show similar
shapes with increasing scan rates, which indicates the good
electrochemical reversibility of KVO. The capacity contributed
in CV can be deconvoluted into two portions: the diffusion-
controlled part and the capacitive non-diffusion-controlled part
[43–45]. These two behaviors obey the equation I = avb, where
i (A g−1) represents the CV current, a and b are coefficients, and
v (mV s−1) is the scan rate. The obtained b value then indicates
the charge storage type. b = 0.5 suggests a diffusion-controlled
process, whereas b = 1 indicates capacitive behavior. As shown
in Fig. 4b, b ranges from 0.7 to 0.8, implying that the charge
storage process is diffusion and capacitive (non-diffusion) co-

controlled. Furthermore, the specific contribution of capacitive
capacity at different scan rates can be calculated as i = k1v +
k2v1/2, where k1v is the capacitive contribution, and k2v1/2 is the
diffusion-controlled part. Under this mathematical treatment,
the contribution of capacitive storage is approximately 51% at
6 mV s−1 (Fig. 4c). As demonstrated in Fig. 4d and Fig. S10, the
contribution of capacitive storage gradually increases as the scan
rate increases.
The galvanostatic intermittent titration technique (GITT) was

applied to further study the diffusion kinetics of KVO (Fig. 4e, f,
and Fig. S11). Fig. 4e shows the evolving diffusion coefficients as
a function of the state of charge (SOC), where the calculated
diffusion coefficient is approximately 10−11–10−8 cm2 s−1

(Fig. 4f), indicating the fast diffusion of charge carriers in the
KVO electrode.

Electrochemical performance of the full cell
To evaluate the practicability, we further fabricated a full cell
with KVO as the anode and cathode materials. According to the
electrochemical performance of the KVO anode (Fig. S12),
between −0.8 and 0 V in 0.01 mol L−1 H2SO4 electrolyte, the
optimized mass ratio between the anode and cathode should be
1:1. Before assembling the full cell, the KVO electrode needs to
be pre-activated by cycling three times at 0.1 A g−1. Fig. 5a shows
the full cell’s configuration based on the KVO electrode as the
anode and cathode. The additional lattice water and terminal
oxygen in KVO form a hydrogen-bonding network for fast
Grotthuss proton conduction during the charging and dischar-
ging. As shown in Fig. 5b, the full cell exhibits a discharge
capacity of approximately 83 mA h g−1 (~3000 s) based on the
mass of one electrode between 0 and 1.7 V at 0.1 A g−1. The

Figure 4 Kinetic analysis of the KVO electrode. (a) CV curves of the KVO electrode at different scan rates. (b) log(i) vs. log(v) plots at redox peaks.
(c) Capacitive contribution displayed in the shaded section evaluated at a scan rate of 6 mV s−1. (d) Contribution percentage of diffusion-controlled capacities
and capacitive capacities. (e) GCD curves in the GITT measurement (0.1 A g−1 for 10 min followed by a 1-h rest) and (f) the corresponding proton diffusion
coefficient.
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Ragone plot (Fig. 5c) obtained from rate performance (Fig. 5b)
demonstrates the considerable energy and power output of the
designed full cell. A high energy density of 71 W h kg−1 is
achieved at a power density of 85 W kg−1. The full cell still
provides an energy density of 14 W h kg−1, even at a high power
density of 4250 W kg−1. Compared with previously reported
aqueous proton and metal-ion batteries with conventional
electrolytes, such as PBA//WO3 (H) [19], HPI-NG//HPI-NG (Li)
[46], Na0.44MnO2//NaTi2(PO4)3 (Na) [10], and KVO//PTCDI (K)
[21], the KVO//KVO full cell based on ultralow-concentration
acid electrolyte has comparable energy and power character-
istics. In addition, the long cycling characteristic of the full cell
(see Fig. 5d) was conducted at a current density of 1 A g−1. The
capacity retention is approximately 84% after 20,000 cycles,
which is comparable to other aqueous nonmetallic charge carrier
batteries, such as the CuFe PBA//Cu battery (H; 85.2% after 5000
cycles) [47] and CuFe PBA//h-MoO3 (NH4; 92.4% after 2000
cycles) [48]. The superior electrochemical characteristics of
KVO can be attributed to the following aspects. First, the well-
organized nanorod structure optimizes and shortens the trans-
mission route of protons and electrons. Second, the moderate
acid electrolyte benefits structural stability. Moreover, the
hydrogen-bonding network of lattice water molecules inside the
de-potassiation KVO structure facilitates the fast Grotthuss
proton conduction.

CONCLUSIONS
In summary, we successfully demonstrate that KVO can work
well in ultralow-concentration acid electrolytes (0.01 mol L−1

H2SO4). The dilute electrolyte not only decreases the acid
aggressiveness but also substantially reduces the cost, resulting
in stable proton storage and low cost. KVO delivers high proton
storage capacity (~129 mA h g−1 at 50 mA g−1) and impressive
cycling stability (53% capacity retention after 50,000 cycles)
between 0 and 1.1 V in ultralow-concentration acid electrolytes.
More importantly, the repulsion and intercalation of water have
been found during the charge and discharge process. The dilute
electrolyte chemistry for proton storage can be extended to other
ESSs for large-scale energy storage fields.
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超低浓度电解液助力K0.486V2O5高性能质子存储
董升阳1, 吕南1, 任睿祺1, 吴雨琳1, 刘品1, 朱国银1, 王文军2,
张一洲1*, 董晓臣1,3*

摘要 高浓度电解液被认为是一种很有前景的拓宽电解液电化学稳定
窗口和提高水系电池电化学性能的方法. 但是高浓度电解液也存在高
成本、高粘度、低电导率等棘手问题. 因为特殊的Grotthuss机制, 质
子电池能够在低浓度电解液中获得足够的动力学性能. 基于此, 我们采
用罕见的超低浓度硫酸电解液 (0 . 01 mol L− 1 )助力K+预嵌的V2O5

(K0.486V2O5, KVO)电化学稳定性. 在50 mA g−1的低电流密度下, KVO电
极具有129 mA h g−1的比容量; 在1 A g−1的电流密度下, 循环20,000圈的
容量保持率为78%.超低浓度电解液策略为开拓耐用的、低成本的水系
能源存储系统提供了一种新的路径.
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