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A B S T R A C T

Pseudocapacitive charge storage has been regarded as a promising mechanism to achieve both high specific
energy and power energy storage devices. Some pseudocapacitive anode materials show great high-rate per-
formance, however, it remains a significant challenge to develop the cathode ones. Herein, for the first time, we
report a layered iron vanadate (Fe5V15O39(OH)9⋅9H2O, named as kazakhstanite) nanosheets (FeVO NSs) with
featuring ultrathin layer thickness (< 10 nm). The FeVO NSs are synthesized by a facile wet-chemical approach
with a high yield. Compared to the FeVO nanoparticles, the crystalline layered FeVO NSs have additional in-
terlayered Li+ storage sites, leading to the enhanced capacity. Ex-situ X-ray diffraction results demonstrate a
non-phase change process and there is only ~ 1.1% layer expansion/shrinkage during lithiation and delithiation
process. Based on detail kinetics analysis and ex-situ X-ray photoelectron spectroscopy results, it is found that
over 70% of total capacity is pseudocapacitive contribution, which contributes to the ultrahigh-rate capability (a
high capacity of 350, 273 and 90mAh g−1 is achieved at 0.1, 1 and 20 A g−1, respectively) and excellent cycling
stability over thousands of cycles. This work presents the high performance vanadate material that delivers
highly pseudocapacitive behavior, and provides a promising direction to realize both high energy and high
power lithium storage.

1. Introduction

Rechargeable lithium ion batteries (LIBs) have been widely used in
our daily life, including mobile electronics, electric vehicles and re-
newable energy storage [1–3]. Conventional LIB cathode material
provides the Li+ intercalation channels and host sites [4,5]. Their
charge storage kinetics is mainly determined by the Li+ diffusion
within the structure: Li+ firstly intercalate into the structure and then
diffuse to an accessible redox site. The slow diffusion process requires
prolonged charging time and limits the rate capability [6–8]. Pseudo-
capacitance, as another intensively-studied charge storage system, ex-
hibits similar faradaic redox reactions but with much faster diffusion
kinetics, which yields great potential for achieving high energy density

at fast charge and discharge rates [2,4–10]. Most recently, the concept
of intercalation pseudocapacitance, proposed by Dunn and co-workers,
shows the advantages that not only the surface but also the whole bulk
of materials are utilized, enabling higher energy density accompanied
with high power [3–7]. This intercalation pseudocapacitance were
mostly observed in layered materials which enable fast Li+ diffusion
between the layers without significant structural changes [7,8,10–13].
Further work demonstrated that the nanosized morphology with shor-
tened diffusion distances enhanced the electrochemical performances
[8]. Up to date, most of the reported fast Li+ ion pseudocapacitive
materials were anodes (T-Nb2O5, [7,10] TiO2, [11] MoS2, [12] and TiS2
[13]). Further search of pseudocapacitive cathode materials with
higher capacity above 300mAh g−1 and fast charge/discharge rates is
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significant but remains largely unexploited.
Layered orthorhombic vanadium pentoxide (α-V2O5) owns a high

reversible capacity of 294mAh g−1 (with two Li+ intercalation per
formula), which is much higher than that of the LiCoO2, LiMn2O4 and
LiMO2 (M =Co, Mn, Ni or Al mixed compounds) [14–17]. Meanwhile,
the abundance of vanadium sources make it as very attractive candi-
dates for energy storage applications. However, the sluggish Li+ ion
diffusion, poor electron conductivity, and irreversible phase transitions
upon deep cycling result in poor rate capability and cyclability, which
pose the challenges to further applications [16]. Searching from the
crystallology, it is found that lots of vanadates are layered materials
which provide the diffusion channels for Li+ storage [18,19]. Recently,
some researches on the vanadates, such as alkali metal vanadates [20],
silver vanadates (e.g. Ag2V4O11) [19] and copper vanadates (e.g.
CuV2O6) [21], metahewettite (CaV6O16⋅3H2O)[22] showed increased
electronic conductivity, enlarged and stabilized layer structure without
blocking the ions diffusion channels, which synergistically improved
the electrochemical performances for lithium storage. As known, the
iron vanadates are the most nature existence and abundant [18,23],
such as Fervanite (Fe4V4O16⋅5H2O), Navajoite (FeV9O24⋅12H2O), Ka-
zakhstanite (Fe5V15O39(OH)9⋅9H2O) and so forth. The
Fe5V15O39(OH)9⋅9H2O has a large layered spacing (d002 = 10.51 Å),
which is very beneficial to the Li+ storage. However, there are rarely
reported upon this material used as LIB cathode and the detailed charge
storage mechanism are unclear yet.

In this work, for the first time, we demonstrate the pseudocapacitive
lithium storage behavior in the hydrated layered iron vanadate (ka-
zakhstanite Fe5V15O39(OH)9⋅9H2O, noted as FeVO). The crystalline
FeVO with an ultrathin nanosheet (NS) morphology is prepared by a
facile artificial synthesis approach with high yield. Compared to the
electrochemical performance of amorphous FeVO nanoparticles (NPs),
the crystalline layered FeVO NSs cathode delivers much enhanced ca-
pacity, rete capability and cycling stability. The ex-situ X-ray diffraction
(XRD) results indicates a non-phase charge process for the FeVO NSs
during repeated lithiation/delithiation. Detailed kinetics analysis and
ex-situ X-ray photoelectron spectroscopy (XPS) results confirm that the
pseudocapacitive behavior dominates the charge storages, which is
beneficial to achieve ultrahigh-rate capability. The presented pseudo-
capacitive cathode (layered FeVO NSs) with excellent electrochemical
performance exhibits the great practical potentials for further achieving
both high-capacity and high-rate energy storage devices.

2. Experimental section

2.1. Experimental methods

2.1.1. Synthesis of hydrated iron vanadate nanosheets and nanoparticles
The activated material was synthesized by a facile water bath

method. Typically, NH4VO3 (3mmol) was added in de-ionized water
(100mL) under magnetic stirring at 90 °C until its total dissolution.
Then Fe(NO3)3 9H2O solution (0.1M, 10mL) was slowly dropped into
NH4VO3 solution under continuous stirring and kept at 90 °C for an-
other one hour. Then the brown precipitates were collected by cen-
trifugation and washed with de-ionized water three times and pure
ethanol for another three times. After washing, the products (FeVO NSs)
were dried in vacuum oven at 80 °C for 12 h. The amorphous FeVO
nanoparticles were obtained from the precipitates with only one minute
water bath reaction.

2.2. Materials characterization

X-ray diffraction (XRD) measurements were performed using a D8
Advance X-ray diffractometer with a non-monochromated Cu Kα X-ray
source. Scanning electron microscopy (SEM) images were collected by
using a JEOL-7100F microscope. Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were collected by

using a JEM-2100F STEM/EDS microscope. Fourier transform infrared
(FT-IR) transmittance spectra were recorded using the 60-SXB IR
spectrometer. Brunauer-Emmett-Teller (BET) surface area was mea-
sured by using Tristar II 3020 instrument. Thermogravimetric (TG)
analysis was performed using NETZSCH-STA449c/3/G thermoanalyzer.
Inductively coupled plasma (ICP) test was performed on the
PerkinElmer Optima 4300DV spectrometer. X-ray photoelectron spec-
troscopy (XPS) was recorded with a VG Multilab 2000.

2.3. Electrochemical measurements

Standard CR2025-type coin cells were assembled in an Ar-filled
glove box. The working electrodes were prepared by mixing 70% active
material, 20% ketjen black and 10% carboxyl methyl cellulose (CMC)
binder, and then coated on a carbon coated Al (C@Al) foil. After drying
in vacuum oven at 120 °C for 6 h, the electrodes were punched into
10mm diameter with an active material mass loading of 1–6mg cm−2.
For lithium storage test, lithium foil was used as the anode and 1M
LiClO4 in propylene carbonate (PC) was used as the electrolyte.
Galvanostatic charge/discharge and cyclic voltammetrys (CV) were
performed by using Bio-Logic VMP3 potentiostats at room temperature.
For ex-situ XRD tests the electrode was sealed by tape and for directly
texts.

3. Results and discussion

The FeVO compound was prepared by a facile co-precipitation and a
crystal growth process under water bath (Fig. S1). At the beginning,
precipitates formed directly after the mixing of iron nitrate and am-
monium metavanadate solution. The incipient precipitates are nano-
particles with an average size of ~30 nm, as shown in SEM image
(Fig. 1a). Then, the FeVO NPs orientated grew into crystalized NSs
during sustained reaction (Fig. S1b-f). The as-formed thin nanosheets
turned into oval microflowers to further reduce the surface energy. The
FeVO NSs were obtained in high yield (Fig. S2). The TEM image further
confirms the assembled nanosheets morphology (Fig. 1c). The HRTEM
image (Fig. 1d) of the nanosheet edge shows the layered fringe in-
dicating a lattice spacing of 1.0 nm. The thickness of the nanosheet is
below 10 nm, which implies that the nanosheet composed of several
atomic layers.

Fig. 1e shows the powder XRD patterns of the as-synthesized pro-
ducts. The FeVO NPs are amorphous state. Conversely, the FeVO NSs
exhibit the crystalline diffraction peaks. All the peaks can be indexed to
a pure phase of Fe5V15O39(OH)9 9H2O (JCPDS Card No. 46–1334,
monoclinic, a =11.84 Å, b =3.65 Å, c =21.27 Å, β=100°), an iron-
vanadium mineral named as kazakhstanite [23]. Additionally, the in-
ductively coupled plasma (ICP) analysis (Table S1) figures out the
atomic ratio of V: Fe is 3.013:1, very close to the stoichiometric ratio.
The large d002 = 10.6 Å is closed to the HRTEM observation (Fig. 1d),
while the slightly decreased layer spacing may be due to a partial de-
hydration process under the electron beam. The HRTEM image (Fig. S3)
of a NS reveals the inner-layer information. The lattice spacing of 3.56
and 2.71 Å corresponds to (204) and (− 115) planes, respectively,
which is consistent with the XRD results. The energy dispersive X-ray
spectroscopy (EDS) mapping (Fig. S2b) shows the uniform distribution
of Fe, V and O in the NSs. The BET surface area of NSs and NPs is 34 and
40m2 g−1, respectively.

The samples were further characterized by FT-IR (Fig. 1f). For the
NPs, only peak at 801 cm−1 (V–O–V vibrations) was observed owing to
its amorphous state. For the layered NSs, the peaks at 537 cm−1 (out-of-
plane V-O-V vibrations) and 1004 cm−1 (V═O stretching bond) occurs,
which is characteristic for vanadium oxide layered structure [24]. The
peak at 1400 cm−1 indicates the existence of NH4+, which comes from
the added ammonium metavanadate [17]. The peak around 3400 cm−1

is assigned to the stretching vibration of O–H band [24]. The symmetric
band at 1624 cm−1 comes from the δ(H2O) vibrations, which indicates
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the existence of water molecules. TG analysis was further to investigate
the water contents. The TG curve of the FeVO NSs sample (Fig. S4)
shows the multi-step mass losses, indicating the existence of different
types of water in the material. The total content of weight loss is ~17%,
which is slightly higher than the theoretical water loss of
Fe5V15O39(OH)9⋅ 9H2O (~ 15.9%), owing to the high surface area of
nanomaterials with more absorbed water [23].

Electrochemical performance was tested by assembling coin cells
(type-2025) with metallic lithium as anode. Cyclic voltammetry (CV)
measurements were firstly made at a scan rate of 0.5 mV s−1 in the
potential window of 1.5–4 V (vs. Li+/Li). The CV curve of amorphous
NPs cathode (Fig. 2a) shows a nearly rectangular shape over a broad
potential range, which arises from the disorder nature of their amor-
phous structure. In contrast, the layered NSs cathode displays a rec-
tangular box and a couple of well-defined redox peaks [13]. A cathodic
peak at 2.53 V (Li+ intercalation) and an anodic peak at 2.72 V (Li+

extraction) are observed. The area of CV curve for FeVO NSs cathode is
larger than that for the amorphous NPs one, indicating the FeVO NSs
cathode delivers higher capacity. Comparing CV shapes, it is observed
that the enhanced capacity for NSs almost comes from the redox peaks.

The CV curves between the NSs and NPs are visually distinguishable,
and the detail mechanism is worth investigating.

Ex-situ XRD of the electrodes at different discharge/charge states
were further characterized. First of all, the XRD pattern of the pristine
layered FeVO NSs cathode shows that the (002) diffraction was not
changed after the electrode preparing process (Fig. S5). Figs. 2b and 2c
exhibit the ex-situ XRD patterns and d200 value variation at different
charge/discharge states, respectively. Compared to the pristine sample,
the (002) diffraction peaks shift to higher angles, which is attributed to
the activation process that the intercalation of Li+ ion enhances the
coordination reaction with the stacked layer and reduces interlayer
spacing distance.[15,24] During the lithiation and de-lithiation pro-
cesses (from state i to ix), the (002) diffraction peaks shift slightly,
indicating non-phase changes (a typical pseudocapacitive behavior)
[4]. The d002 values at each state are calculated and displayed in
Fig. 2d. During the discharge and charge process, the layered lattice
breathing (variation of d002) is highly reversible. After the activa-
tion [25], the largest shrinkage of d002 during the lithiation/de-lithia-
tion processes is only ~0.1 Å, corresponding to ~1.1% layer expansion/
shrinkage. The slight lattice breathing is beneficial for delivering

Fig. 1. Morphology and phase characterization. SEM images of amorphous FeVO NPs (a) and layered FeVO NSs (b), respectively. TEM image (c) and HRTEM image (d) of layered
FeVO NSs. XRD patterns (e) and FTIR spectra (f) of the amorphous FeVO NPs and layered FeVO NSs, respectively.

Fig. 2. Lithium storage mechanism in layered FeVO NSs. (a) CV curves of the amorphous NPs and layered NSs at a scan rate of 0.5mV s−1. CV curves for layered NSs at 1.0 mV s−1 (b)
and related ex-situ XRD patterns and d200 value variation (c), respectively.
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excellent cycling stability [26,27].
A kinetics analysis was further undertaken to supplementary un-

derstand the lithium storage behavior. CV curves measured at various
scan rates (from 0.5 to 10mV s−1) are shown in Fig. 3a and b. The CV
curves of the NSs (Fig. 3a) display the redox peaks with slight shifts
with increasing scan rates, indicating excellent reaction kinetics. The
CV curves of NPs (Fig. 3b) show the rectangular shape with the in-
creasing scan rates. The twisted rectangular shape at fast scan rate may
be due to the poor electronic nature of amorphous materials [8]. As
proposed by Dunn and co-workers, it is further possible to distinguish
the diffusion and the capacitive contribution occurs in the CV curves by
using a detailed analysis [2,4]. The measured current (i) at a fixed
potential (V) can be separated into capacitive effects (k1ν) and diffu-
sion-controlled contributions (k2ν1/2) (Eq. (1)), which is able to quan-
titatively characterize the capacity contribution of each part [4,28,29].

= +i k ν k ν(V) 1 2
1/2 (1)

Fig. 3c shows the capacitive contribution of the both two samples
(the shaded region). For the amorphous NPs, most of the capacity
comes from the capacitive contribution, approaching to 70% of the
total capacity even at the low scan rate of 0.5mV s−1. For the layered
NSs, a large amount of the capacitive contribution (~70%) is still ob-
served. A bulky electrolyte (TBA+) was used to determine capacitive
charge storage coming from faradaic redox or double-layer charge
storage [8]. The radius of TBA+ is quite large (~9 nm), which usually is
unable to intercalate into the crystal structure, and the delivered ca-
pacity are electric double layer capacitance [8]. As shown in Fig. S6, for
the TBA+ electrolyte, no redox peaks are observed and much smaller

capacity is obtained, indicating the capacitive contribution largely de-
pendents on the pseudocapacitive lithium storage rather than the
double-layer capacitance. Furthermore, ex-situ XPS spectra of V and Fe,
and 57Fe Mössbauer spectra at pristine state, discharged state (Fig. 2b,
state v) and charged state (Fig. 2b, state ix) were collected to supple-
mentally prove the redox behavior of FeVO NSs (Fig. S7 and Table S2).
It is found that the valence of vanadium and iron is reduced during
discharge process and reversibly re-oxidized at the charged state, con-
firming the faradaic pseudocapacitive charge storage process and both
V and Fe are electrochemical active. From the integration of fitting
peaks, the contributed capacity from vanadium is much higher than
that of iron.

Fig. 3c shows the divisive regions of the CV curves, the diffusion
controlled regions are located predominantly around the redox peaks,
which are expected to be diffusion limited. The extra redox peaks only
occur in the crystalline FeVO sample (Fig. 2a), indicting the diffusion of
Li+ ions into its layered sites that delivers higher capacity. With the
scan rate increasing, the percentage of capacitive contribution is pro-
moted (Fig. 3d), owing to that the pseudocapacitance is advantaged for
delivering high-rate capacity [7]. At the scan rate up to 4mV s−1, the
capacitive contribution for the NSs and NPs increases to 84.8% and
98.6%, respectively. The systematical kinetics analysis demonstrates
that the pseudocapacitive charge storage allows the layered FeVO NSs
cathode delivering the excellent high-rate capacity.

Galvanostatic charge and discharge were subsequently measured to
evaluate the electrochemical performance. Fig. 4a shows the charge-
discharge curves of the layered NSs and the amorphous NPs at a specific
current of 0.1 A g−1. The amorphous FeVO NPs cathode displays slope

Fig. 3. Kinetics analysis of layered NSs and amorphous NPs for lithium storage. CV curves of layered NSs (a) and amorphous NPs (b) at various scan rates, respectively. Capacitive
contributions (shaded area) to charge storage at a scan rate of 0.5mV s−1 (c) and normalized contribution ratio of capacitive and diffusion-controlled capacities at different scan rates (d)
for layered NSs and amorphous NPs, respectively.
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line curves, without any plateaus. However, the layered FeVO NSs
cathode shows the slope lines and with the plateaus at ~ 2.6 V, con-
sistent with the CV curves (Fig. 2a). The layered FeVO NSs deliver a
capacity of 350mAh g−1, according to ~26mol Li+ per unit formula
storage. The calculation is based on the equation: n=(3.6MC)/F,
where n represents the inserted ion amount (mol), F represents the
Faraday constant (Cmol−1), C represents the capacity (mAh g−1), and
M represents the molecular weight (gmol−1). The capacity of FeVO NSs
is much higher than that of NPs (275mAh g−1), while the enlarged
capacity (~ 75mAh g−1) for NSs comes from the redox plateaus. Notice
that the capacitive contribution is related to the surface area and crystal
structure [3]. But the surface area of the layered FeVO NSs (34m2 g−1)
is slight low than that of amorphous FeVO NPs (40m2 g−1). Therefore,
the result of the enhanced capacity is due to the fact that Li+ stores in
the interlayers of crystalline FeVO NSs [10]. According to the electro-
chemical performance, ex-situ characterizations and kinetics analysis,
the lithium ion storage mechanism of FeVO NSs is descripted as Eq. (2).

⋅ + + ↔ ⋅ <
+ −x x xFe V O (OH) 9H O Li e Li Fe V O (OH) 9H O( 26)x5 15 39 9 2 5 15 39 9 2

(2)

Rate capability of active material is a key factor for high-power
application. Next, to investigate the rate capability, the FeVO cathodes
were discharged and charged at progressively increased specific cur-
rents (ranging from 0.2 to 50 A g−1), as shown in Fig. 4b. The NSs
cathode delivers higher capacities than those of NPs at each current.
The NSs cathode exhibits the capacities of 273, 242, 203 and
154mAh g−1 at 1, 2, 4 and 8 A g−1, respectively. At higher current of
10, 20 and 50 A g−1, a high capacity of 140, 90 and 27mAh g−1 is
achieved, according to a charge/discharge time only ~ 50, 16 and 2 s,
respectively. A comparison of the rate capabilities between our layered
NSs and the state-of-the-art vanadium oxides and vanadates cathodes
reported in the literatures is displayed in Fig. 4c [15,22,30–33]. The
present layered FeVO NSs cathode delivers the remarkable high-rate
capacity compared to the best reported results. Long-term cycling
performance at a high specific current of 10 A g−1 was tested as well

(Fig. 4d). The amorphous FeVO NPs cathode just exhibits a capacity of
60mAh g−1 after 1500 cycles, corresponding to a capacity retention of
43.5%. But, the layered FeVO NSs still deliver a high capacity of
115mAh g−1 after 2000 cycles, corresponding to a capacity retention of
83.3%, which demonstrates the excellent pseudocapacitive charge
storage processes in the crystalline layered structure.

Since it is the first time to report the FeVO as cathode for lithium
storage, the calculation the power and energy density based on the mass
of cathode material at various rates are calculated. Ragone plots of
layered FeVO NSs and amorphous FeVO NPs cathodes are shown in Fig.
S8 [34,35]. At the specific current of 0.1 A g−1, it is found that the
layered FeVO NSs cathode delivers an outstanding specific energy of
860Wh kg−1 at 246W kg−1, which is much higher than that of the
amorphous NPs (630Wh kg−1 at 229W kg−1). The much enlarged
energy density is due to the higher capacity and extra redox plateaus of
layered FeVO NSs. Remarkably, for the layered NSs, a specific energy of
~ 400, 307 and 120Wh kg−1 at the specific average power of 13.8,
22.0 and 57.6 kW kg−1 is achieved, which stands for the state-of-the-art
reported so far on vanadium-based electrode materials, to the best of
our knowledge [6,14,20,22,30–32,34].

To further demonstrate the potential of the pseudocapacitive
cathode for practical use, the rate capability of layered FeVO NSs
cathodes with a high loading of 3.5 and 6.0 mg cm−2 were further
fabricated and measured. The obtained capacity is calculated based on
the area current and area capacity (Fig. S9a). For a mass loading of 3.5
and 6.0 mg cm−2, a high areal capacity of 1.20 and 2.07mA h cm–2 is
obtained at 0.35 and 0.6 mA cm–2, respectively. At the same area cur-
rent, thick-film cathodes exhibit larger area capacity compared to that
of thinner ones. The related time vs. area capacity plots (Fig. S9b)
shows the fast charging and discharging ability of the thick-film
cathode, such as an area capacity of ~ 0.88mA h cm–2 are delivered in
260 s. The tested performance of the thick-film is still not ideal since the
enhanced mass loading with enlarged resistances. Further material
modification or electrode re-construction is expected to improve the
thick-film performance [3,36,37].

Fig. 4. Galvanostatic performance of layered FeVO NSs and amorphous FeVO NPs for lithium storage. (a) Galvanostatic charge−discharge curves of layered NSs and amorphous
NPs at a specific current of 0.1 A g−1. (b) Rate performance at various specific currents from 0.2 to 50 A g−1. (c) Comparison of lithium storage rate performance of layered FeVO NSs to
the state-of-the-art reported vanadium oxides and vanadates cathodes, yolk–shell V2O5 sub-microsphere [30], V2O5⋅nH2O/rGO hybrids [15], oxygen-deficient LiV3O8 NSs [31],
Na0.33V2O5 NS-graphene hybrids [32], KV6O15 nanowires [20], AlV3O9 microspheres [33], CaV6O13⋅3H2O nanoribbons [22]. (d) Long-term cycling performances of layered NSs and
amorphous NPs at a specific current of 10 A g−1.
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4. Conclusion

In this work, we demonstrate that the novel layered FeVO NSs ex-
hibit excellent pseudocapacitive lithium storage performance. The
layered FeVO NSs with ultrathin feature (less than 10 nm) are suc-
cessfully synthesized by a facile wet-chemical approach with high yield.
The crystalline FeVO NSs offer additional Li+ storage sites in the in-
terlayers compared to that of amorphous FeVO NPs, which delivers the
enhanced capacity. The lithium storage in layered FeVO NSs cathode is
a non-phase change process with only ~ 1.1% layer expansion/
shrinkage. Kinetics analysis investigates over 70% of total capacity is
capacitive contribution, which enables ultrahigh-rate capability.
Remarkably, the FeVO NSs cathode delivers a high capacity of 350, 273
and 90mAh g−1 at 0.1, 1 and 20 A g−1, respectively, and excellent
cycling stability over thousands of cycles. Our work highlights the novel
iron vanadate cathode that delivers the fast pseudocapacitive behavior
for realizing high-rate lithium storage. We believe the next-generation
asymmetric energy storage devices under the utilization of electrode
materials with high pseudocapacitance will deliver remarkable perfor-
mances with both high energy and high power.
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