Chemical Engineering Journal 436 (2022) 135012

Contents lists available at ScienceDirect

Chemical Engineering Journal
journal homepage: www.elsevier.com/locate/cej

Synergy of ferric vanadate and MXene for high performance Li- and
Na-ion batteries
Huajun Xu a, Jiaxing Fan a, Di Pang a, Yingying Zheng a, Gang Chen a, b, Fei Du a, *, Yury Gogotsi c,
Yohan Dall’Agnese d, *, Yu Gao a, *
a

Key Laboratory of Physics and Technology for Advanced Batteries (Ministry of Education), College of Physics, Jilin University, Changchun 130012, PR China
State Key Laboratory of Superhard Materials, Jilin University, Changchun 130012, PR China
A. J. Drexel Nanomaterials Institute, and Department of Materials Science and Engineering, Drexel University, Philadelphia, PA 19104, United States
d
Institute for Materials Discovery, University College London, London WC1E 7JE, United Kingdom
b
c

A R T I C L E I N F O

A B S T R A C T

Keywords:
MXene
Ferric Vanadate
Li+/Na+ batteries
In-situ XRD

Ferric vanadate (FeVO4) is a desirable anode candidate for lithium-ion battery (LIB) and sodium-ion battery (SIB)
because of its high theoretical capacity, low cost and ease of synthesis. However, its practical application is
hindered by its volume expansion during the Li+/Na+ insertion/extraction and low electronic conductivity.
Herein, flexible and free-standing FeVO4/Ti3C2Tx (FVO/MX) films have been made via combining FeVO4
nanorods and Ti3C2Tx MXene sheets via a simple method of vacuum assisted filtration. In the composite films,
Ti3C2Tx sheets act as host and FeVO4 nanorods are uniformly deposited onto the layers. FeVO4 nanorods are
encapsulated by Ti3C2Tx sheets, forming a three-dimensional network sandwich structure. The binder-free FVO/
MX films exhibited superior electrochemical performance due to the synergyy between FeVO4 and Ti3C2Tx.
Specifically, when FVO/MX electrode was used in a lithium-ion battery, it delivered reversible capacity of 1179
mAh g− 1 and 1125 mAh g− 1 after 250 cycles at a current density of 0.1 A g− 1. Besides, the FVO/MX = 2:1 anode
delivered a reversible capacity of 428 mAh g− 1 at 5 A g− 1 and 69.5% capacity was retained after 2500 cycles.
Moreover, the Na-ion storage capacity reaches 129 mAh g− 1 at a high current density of 5 A g− 1, showing ca
pacity retention of 81.1% after 5000 cycles. The charging and discharging mechanism of the FVO/MX based
lithiumion battery was studied by in-situ XRD technique. Owing to high metallic conductivity and 2D
morphology of Ti3C2Tx MXene, 3D networks can be constructed by combining other active agents, suggesting
that MXene is a promising host material for the next-generation flexible energy storage devices.

1. Introduction
With the rapid development of the high-tech, mobile electronic de
vices have become essential in people’s life, like smart-phones, home
appliances, electric vehicle and so on.[1,2] Energy storage plays a key
role in these technologies. Lithium-ion batteries (LIBs), have high power
and energy densities.[3] Graphite is the most common commercial
anode material for lithium-ion batteries, because of its low price and
great cyclability.[4] However, the low theoretical capacity of graphite
(372 mAh g− 1) can’t satisfy future demands.[5] Therefore, researchers
have explored many other anodes for lithium-ion batteries. Some ma
terials have much higher theoretical capacity than graphite.[3,6,7]

However, they have typically problems such as expensive raw material
and/or a complex synthetic route, which seriously hinder their practical
application. Much effort is focused on these issues. Take silicon-based
lithium-ion batteries as example; silicon has an extraordinary theoret
ical capacity (4200 mAh g− 1), but suffers from low conductivity and
huge volume expansion/shrinkage during the lithiation/delithiation,
resulting in a short life and rapid capacity decline.[8] Therefore, re
searchers have proposed many ideas to solve these problems, such as
composites with carbon-based materials (carbon dots, graphite, gra
phene, rGO) or preparing materials with different morphologies (1D,
2D, porous materials).[9-13] Although lithium-ion batteries are widely
used in daily life, the resources of metallic lithium on earth are limited,
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Transmission electron microscopy.
* Corresponding authors.
E-mail addresses: dufei@jlu.edu.cn (F. Du), y.dallagnese@ucl.ac.uk (Y. Dall’Agnese), yugao@jlu.edu.cn (Y. Gao).
https://doi.org/10.1016/j.cej.2022.135012
Received 15 December 2021; Received in revised form 13 January 2022; Accepted 29 January 2022
Available online 3 February 2022
1385-8947/© 2022 Published by Elsevier B.V.

H. Xu et al.

Chemical Engineering Journal 436 (2022) 135012

so it is necessary to develop another kind of energy storage devices.
Sodium-ion batteries (SIBs) have become a new major research direc
tion.[14,15] Due to the abundance of sodium, SIBs are suitable for large
energy storage facilities, while LIBs are more common in portable de
vices. In recent years, metal vanadate-based material gradually entered
the research field of energy storage due to their advantages of high
specific capacity, low cost and easy production. The formula of metal
vanadate-based material is MxVyOz, where M is presents metal element,
such as Fe, Cu, Li, and so on.[16] MxVyOz is a promising material for LIBs
and SIBs due to its M and V bimetallic composition. They can store
lithium ions or sodium ions via redox reactions of M and V ions. M ions
can be reduced to metal M (Mn+ to M0) and the V5+ can be reduced to
V4+, V3+, or even V2+ and V0, and this process is usually reversible.18
Many vanadates, such as Li3VO4, FeVO4, CuV2O6, have been applied in
LIBs and other energy storage devices.[17-21] FeVO4 is a cheap mate
rial, which has been studied deeply. There are several routes to syn
thetize FeVO4, mostly including hydrothermal and aqueous
precipitation methods.[21,22] FeVO4 was first reported and studied in
LIBs by Denis et al who tested the performance of lithium ions storage
and phase change between the lithium ion lithiation/delithiation.[23]
In addition, FeVO4 has also been reported as an anode for Na-, K-, Zn-,
Mg- and Al-ion batteries.[24,25] Xiaolin et al studied the modification of
FeVO4 combined with graphene as lithium-ion anodes, and its electro
chemical performance reached 1046.5 mAh g− 1 after 100 cycles.[26]
Besides,an amorphous FeVO4 was reported as an anode material for
potassium-ion battery. In addition to the application of ferric vanadate
in a variety of alkaline metal ion batteries, it was also used in high-power
sodiumion capacitors, and achieved excellent electrochemical perfor
mance.[27-29] However, FeVO4 still faces serious problems of rapid
capacity decay and low electronic conductivity.
MXenes, as transition metal carbides, carbonitrides and nitrides, are
a large two-dimensional materials family, which are prepared by etching
“A” layers from layered carbides, carbonitrides or nitrides known as as
MAX phase. The general formula is Mn+1XnTx (n = 1–4), where M rep
resents a transition metal, such as Ti, V, Nb and so on; X is C or N and Tx
represents surface terminations, such as -O, –OH, -F and -Cl.[30] Ti3C2Tx
MXenes have been of great interest for researchers because of their twodimensional structure, high electronic conductivity (20000 S cm− 1) and
superior hydrophilicity, etc.[31,32] Due to their unique structure and
excellent performance, MXenes have been applied in energy storage,
sensors, catalysis, biomedicine, electromagnetic interference shielding,
environment and other fields.[31,33-35] Energy storage is the most
common research direction at present.[36] MXenes can be combined
with many other materials due to their rich functional groups and easy
dispersion in aqueous solution. The two-dimensional structure allows
MXene flakes to be stacked on top of each other, producing flexible and
free-standing films via vacuum assisted filtration or rolling.[37] That
makes MXene a potential candidate for flexible wearable devices. In
addition, the two-dimensional structure of MXene can be used as a host
for loading other materials, such as silicon nanoparticles, to make
flexible electrodes. Xu et al used MXene as a binder, for Si, C and their
mixture in anode materials of lithium ion and sodium–potassium ion
batteries, and the composite materials not only had good flexibility but
also showed excellent electrochemical performance.[38-40] Zhang et al
reported that a composited flexible film was prepared with MXene ink
and silicon powders.[41] Compared with traditional electrode coating
on Cu foil, MXene-based flexible film can effectively reduce the weight
of the electrode and does not need the conventional binder and current
collector.
Given the superior characteristics of MXene, the advantages of
MXene can be fully utilized to solve a series of problems, such as the
rapid decay of battery capacity. In this paper, we synthesized a unique
sandwich structure with MXene as the framework and FeVO4 loaded
between the MXene layers to form a flexible and free-standing electrode
film by a simple strategy of vacuum assisted filtration without any
binders. The FeVO4/MXene flexible membrane is tested as an anode for

LIBs and SIBs. The main intrinsic issues of FeVO4 are its huge volume
expansion, capacity fading and low electronic conductivity. In the
FeVO4/MXene film, FeVO4 is embedded between MXene monolayers as
an active material, while MXene supports the FeVO4 particles as a car
rier. This structure not only improves the electronic conductivity, but
also effectively promotes the ions transport. The two have a synergistic
effect. In traditional MXene films, without any additive, layers tend to
stack up together because of the van der Waals force, resulting in limited
performance.[42] FeVO4 acts as a pillar in the FeVO4/MXene film to
prevent the stacking of MXene layers. Such special three-dimensional
structure of FeVO4/MXene can effectively reduce the volume expan
sion and enhance the stability of electrodes, leading to a longer lifetime
of the LIBs and SIBs. At the same time, the conductivity is higher, and it
has a better rate performance. Compared with the FeVO4 electrode
coating on the Cu foil with binders (without MXene), the FeVO4/MXene
electrodes exhibited a superior electrochemical performance, including
longer cycle life, greater rate performance and higher capacity.
2. Experimental Section
2.1. Synthesis of the single layer Ti3C2Tx MXene solution
Ti3C2Tx MXene was produced by a traditional way of etching the Al
layers from Ti3AlC2 MAX phase (11 Technology Co., Ltd.) following the
previously reported method.[31] In short, 5 mL deionized water (DI
water) mixed with 15 mL of 12 M HCl, then was added to 1.6 g LiF
(Aladdin). After dissolution of LiF, 1 g Ti3AlC2 was slowly added into the
solution, and stirred for 24 h at 35 ℃ in oil bath. After 24 h, the solution
was transferred to a 50 mL centrifuge tube, then repeatedly centrifuged
and washed with DI water until the pH of the suspension reached 6.
Single layers of Ti3C2Tx were obtained by vigorously shaking the sedi
ment for 5 min, placing it in ultrasonic bath for 15 mins in Ar atmo
sphere and ice bath, collecting the suspension, then centrifuging it at
3500 rpm for 15 mins to keep the concentrated (4 mg mL− 1) single layer
Ti3C2Tx sediment.
2.2. Synthesis of FeVO4 nanorods
We adopted the previously reported synthesis of FeVO4 nanorods via
a hydrothermal route.[22] Following this method, 1 mmol Fe
(NO3)3⋅9H2O (Aladdin) was dissolved in 15 mL of DI water under
magnetic stirring for 2 h at room temperature. Then, 1 mmol NH4VO3
(Macklin) was dissolved into another 15 mL DI water at 70 ℃ with oil
bath stirring for 2 h. Next, NH4VO3 solution was slowly added into Fe
(NO3)3 solution under magnetic stirring for 30 mins, then transferred
into a 50 mL Teflon lined stainless steel autoclave. The autoclave was
sealed, heated, and maintained at 160 ℃ for 5 h to form FeVO4⋅xH2O.
Once cooled down to room temperature, the sediment was washed via
filtration with almost 2 L of DI water and dried in a vacuum oven at 60
℃. FeVO4⋅xH2O was sintered at 600 ℃ for 2 h in air atmosphere with a
heating rate of 5 ℃ per min to obtain the expected product.
2.3. Fabrication of free-standing FeVO4/Ti3C2Tx films
The prepared FeVO4 powder was dispersed in DI water and sonicated
for 2 h. Mixtures of FeVO4 and Ti3C2Tx were prepared simply by mixing
corresponding dispersions together under magnetic stirring for 30 mins
at room temperature. The FeVO4/Ti3C2Tx films were fabricated via a
simple vacuum assisted filtration of FeVO4/Ti3C2Tx dispersions. Celgard
membranes with a 50 mm diameter and 0.22 μm pore size were used.
The films were fabricated with mass ratio of FeVO4 and MXene of 1:1,
2:1 and 4:1, thus the films were labelled as FVO/MX = 1:1, FVO/MX =
2:1 and FVO/MX = 4:1, respectively. The FVO:MX = 2:1 film thickness
was controlled to be about 11 μm. And the density of the film was
approximately 1.2 mg/cm2. For comparison, an electrode of FeVO4 was
made without Ti3C2Tx MXene, by the conventional doctor blading
2
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method with conventional binders and conductive agent, i.e. coating a
slurry of 80 wt% FeVO4, 10 wt% Super-P carbon black and 10 wt%
polyvinylidene fluoride in N-methylpyrrolidone onto the Cu foil. This
sample is simply denoted as FVO.

3. Results and discussion
The preparation of flexible and free-standing FeVO4/Ti3C2Tx films is
illustrated in Fig. 1a. Briefly, Ti3C2Tx MXene was obtained by selective
etching Al layer from Ti3AlC2 MAX precursor using HCl and LiF,[31] and
FeVO4 nanorods was synthesized by a simple way of hydrothermal
(detailed information is shown in Experimental Section). FeVO4 and
Ti3C2Tx dispersions were mixed together to obtain a specific mass ratio
(FVO/MX = 1:1, FVO/MX = 2:1, FVO/MX = 4:1), then FeVO4/Ti3C2Tx
electrodes were fabricated via vacuum assisted filtration of that mixture.
Consequently, the FeVO4/Ti3C2Tx films were flexible, free-standing and
without any binders, conductive agent or current collector and the films
can serve as anodes for LIBs and SIBs.
The microstructure and morphology of electrode materials were
investigated by scanning electron microscopy (SEM). The cross-sectional
images of FeVO4/Ti3C2Tx are shown in Fig. 1b-1d. It’s obvious that a
“layer-by-layer” morphology with FeVO4 nanorods inserted in between
horizontally oriented Ti3C2Tx MXene layers to form a 3D open structure.
This morphology resulted from self-assembly due to restacking of
nanosheets during filtration. The thickness of FVO/MX films was
approximately 12 μm, and could be easily controlled by adjusting the
amount filtered. Fig S1a demonstrates that the FeVO4 nanorods have a
length in the range of 3–5 μm with a diameter of approximately 50 nm,
and some 20–50 nm diameter nanospheres of FeVO4 are embedded in
the surface of nanorods which increases the surface area and number of
active sites for Li+/Na+ reactions. FeVO4 nanorods act as pillars hin
dering the compact restacking of MXene nanosheets. And the distribu
tion of Fe, V and O elements indicated that homogeneous FeVO4 was
successfully synthesized (Fig S1b). With the increased mass ratio of
FeVO4 in the FVO/MX, the special 3D sandwich structure tends to be
more randomly oriented, which might be beneficial for faster insertion/
extraction of Li+/Na+.[43] Such 3D continuous and uniform structure
can be effectively accommodated and accommodate the volume changes
during lithiation/delithiation.[44] In addition, the higher magnification
of SEM of FVO/MX = 2:1 is shown in Fig. 1e. Owing to the close contact
between FeVO4 and Ti3C2Tx, the fast electron transport is ensured,
which is great for the improvement of electrochemical performance. The
optical images of FVO/MX films are exhibited in Fig. 1f. The films colors
are gradually darker following increasing the proportion of FeVO4.
Moreover, the synthesized films of FVO/MX have a great flexibility, as
seen in Fig. 1g. The flexibility is attributed to Ti3C2Tx sheets.
To further characterize the films obtained, X-ray diffraction (XRD)

2.4. Sample characterizations
The crystal structure of composite films was studied by powder X-ray
diffraction (XRD) carried out using a D8 Bruker Advance Diffractometer
in the 2θ range of 5◦ to 65◦ with a Cu Kα radiation (λ = 1.5406 Å).
Scanning electron microscopy (SEM) analysis was conducted using a
SU8020 equipment from Hitachi. Transmission electron microscopy
(TEM) analysis was conducted with a FEI Talos. The X-ray photo
spectroscopy (XPS) was conducted on K-Alpha XPS system and Raman
spectroscopy was carried out using a HORIBA HR Evolution Raman
spectrometer with a 532 nm diode-pumped solid-state laser.
2.5. Electrochemical measurements
Before use, the full film was dried in a vacuum oven at 80 ◦ C over
night, then electrodes were punched into 63.6 mm2 disks with a mass
loading of about 1.2–1.4 mg, and directly used as anodes in coin cells.
The electrochemical studies were performed in CR2032 type coin halfcell assembled in an argon-filled glove box under a low water and ox
ygen content. For Li-ion battery characterization, Li metal was used as
counter and reference electrode, 1 mol L− 1 LiPF6 dissolved in EC: DMC
(1:1, Vol%) was the electrolyte, and Celgard was used as separator. For
Na-ion battery tests, Na metal was the counter and reference electrode,
glass fiber was used as separator, and 1 mol L− 1 NaClO4 dissolved in EC:
DMC (1:1, Vol%) used as electrolyte. Cyclic voltammetry (CV) was
measured between 0.01 and 3 V vs. Li+/Li at a scan rate of 0.1 mV s− 1
using an MPG Biologic potentiostat. Electrochemical impedance spec
troscopy (EIS) was measured from 1 mHz to 1 MHz on VSP (BiologicSAS) at open circuit voltages. Capacity retention and rate capability
analysis were carried out via galvanostatic charge–discharge tests be
tween 0.01 and 3 V vs. Li+/Li using Landt automatic battery tester
(Wuhan, China). When measuring long cycle performance at a high
current density, the cells were first activated for five pre-cycles with at a
low current.

Fig. 1. Schematic illustration of the synthetic procedure of FVO/MX films composites. (a) Schematic representation of the preparation method of FVO/MX films
composites. Cross-sectional scanning electron microscopy images of (b) FVO/MX = 1:1, (c) FVO/MX = 2:1, (d) FVO/MX = 4:1and (e) FVO/MX = 2:1. Optical images
of (f) prepared FVO/MX composites with different mass ratio for 1:1, 2:1, 4:1, respectively. (g) Flexible illustration for FVO/MX = 2:1 film.
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was used and recorded patterns are shown in Fig. 2a along with the
FeVO4 reference XRD pattern (PDF 71–1592). The peaks of pure Ti3C2Tx
film were located at 7.2◦ and 14.5◦ , corresponding to (0 0 2) and (0 0 4)
reflections, which demonstrates well delaminated Ti3C2Tx MXene
sheets.[32] The FeVO4 nanorods pattern presents two main peaks at
2θ≈25.1◦ and ≈27.8◦ corresponding to the (0 1 2) and (1–12) peaks.[22]
In the FVO/MX film, the typical (0 0 2) peak of Ti3C2Tx and (0 1 2),
(0–22) peaks of FeVO4 were present. The most intense (0 0 2) peak of
Ti3C2Tx was located at 6.3◦ , corresponding to an interlayer spacing of
14.0 Å, compared with the (0 0 2) peak (d-lattice is 12.2 Å) of pure
Ti3C2Tx film, meaning the FVO/MX films have larger interlayer spacing
which might facilitate Li+/Na+ insertion/extraction during the redox
reaction process. The (0 0 2) peaks in FVO/MX films were broader than
in pure Ti3C2Tx, which suggests less restacked and more randomly ori
ented wrinkled layers of Ti3C2Tx. The peak intensity of Ti3C2Tx
decreased from FVO/MX = 1:1 to FVO/MX = 4:1, owing to the decrease
of Ti3C2Tx content.
X-ray photoelectron spectroscopy (XPS) was used to investigate the
surface chemistry and chemical state of the elements of the FVO/MX =
2:1 film, especially Fe, V and Ti. Additionally, the Ti and V XPS spectra
of FeVO4 alone are shown in Fig S3, which were consistent with previous
work.[21] The Fe 2p and V 2p spectra of FVO/MX = 2:1 was similar to
the raw FeVO4 nanorods. However, the intensity of Fe 2p XPS spectrum
in Fig. 2b was lower than in pristine FeVO4, probably due to less FeVO4
exposed on the surface of FVO/MX = 2:1. Fe 2p spectrum was divided
into 3 peaks corresponding Fe3+ 2p1/2, Fe3+ 2p3/2, and one satellite
peak, located respectively at 712.1 eV, 725.5 eV and 733.6 eV. The Fe 2p
peaks were the same as the precursor FeVO4. The V 2p region in Fig. 2c
was clearly overlapped with the FeVO4 film. The Ti XPS spectrum of
FVO/MX = 2:1 is shown Fig. 2d. The Ti 2p can be fitted with 3 doubles,
Ti-C, Ti2+ and Ti3+. The 3 pairs of the peak was located at (455.2 eV,
460.6 eV), (456.5 eV, 461.5 eV) and (458.7 eV, 463.2 eV), respectively,

and the peaks are consistent with previous work.[45] Besides, there is no
unexpected shift of peaks indicating the well preserved compositions of
FeVO4 and Ti3C2Tx.
In order to verify the combination of the FeVO4 and Ti3C2Tx MXene,
Raman spectroscopy analysis was performed (Fig S4a), including FVO
and FVO/MX films. The FeVO4 alone has several main peaks in the range
of 500 – 1000 cm− 1, consistent with results in the literature.[46] For the
FVO/MX film, the peak intensity of FeVO4 was lower than FVO, which is
attributed to MXene sheets covering most of the FeVO4 nanorods. The
peak intensity of FVO/MX = 4:1 sample was contrary to FVO/MX = 1:1
and 2:1, that should be due to more FeVO4 present. Such phenomenon is
consistent with the microstructure of FVO/MX film (FeVO4 and MXene
were disorderly distributed on the surface of the FVO/MX = 4:1 film, as
we discussed above). The Raman peak centered around 198.8 cm− 1 in
FVO/MX = 4:1 is attributed to the Ti3C2Tx MXene as it is the same peak
as in the Ti3C2Tx film alone (shown in Fig S2) consistent to previous
work.[47] The Raman peak located at 1581.1 cm− 1 represents the
graphitic carbon band (G-band) which decreases gradually with the
Ti3C2Tx amount.
To further investigate the microstructure of the FVO/MX = 2:1,
transmission electron microscopy (TEM) analysis was conducted and
shown Fig. 3. Ti3C2Tx sheets were found in Fig. 3a, b, and FeVO4
nanorods laid on the sheets and some FeVO4 nanospheres can be seen as
well in the layers. Meanwhile, a FeVO4 porous structure may be formed
during the high temperature sintering process.[24] High-resolution TEM
(HRTEM) lattice images in Fig. 3c,d show lattice spacing of 0.32 and
0.35 nm, corresponding to (0 1 2) and (0–22) plane of FeVO4.[22,25]
Besides, Ti3C2Tx nanosheets can be observed in Fig. 3c. A contact be
tween FeVO4 and Ti3C2Tx is good for electron transfer which can
effectively improve the rate performance of Li/Na ion batteries.
To further systematically evaluate the electrochemical performance
of the FVO/MX electrodes in Li-ion battery, a series of electrochemical

Fig. 2. Structure characterization of the FVO/MX films. a) XRD patterns of FVO/MX films and FeVO4 powders. (Inset: Ti3C2Tx MXene XRD pattern.) High resolution
XPS of FVO/MX = 2:1 in the b) Fe 2p, c) V 2p and d) Ti 2p regions.
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2:1 are 1426 mAh g− 1, 1106 mAh g− 1, 1006 mAh g− 1, 911 mAh g− 1, 816
mAh g− 1 and 696 mAh g− 1 at 0.1 A g− 1, 0.2 A g− 1, 0.5 A g− 1, 1 A g− 1, 2 A
g− 1 and 5 A g− 1, respectively, as shown in Fig. 4c. The same oxida
tion–reduction reaction plateau was found at different current densities,
which demonstrates the reversible process and good rate capability of
lithiation/delithiation of this electrode.
The reaction kinetics was investigated by electrochemical impedance
spectroscopy (EIS). The EIS of FVO/MX = 1:1, FVO/MX = 2:1, FVO/MX
= 4:1 and FVO electrodes were compared in Fig. 4d. The inset is
equivalent circuit diagram. The first intercept corresponds to the elec
trolyte resistance (Re). The semicircle in the high frequency region
represents the charge transfer resistance between the electrolyte and
interface of electrode (Rct). The low frequency area with a 45◦ angle is
related to the ion diffusion limitation within the electrode.[50] In the
Nyquist plots shown, the Rct values were 427 Ω, 210 Ω, 535 Ω and 1164
Ω for FVO/MX = 1:1, FVO/MX = 2:1, FVO/MX = 4:1 and FVO anodes.
Overall FVO/MX composites have lower charge transfer resistance than
the FVO electrode, corroborating that the expected advantages of this
structure, including better electrolyte percolation and increased con
ductivity due to Ti3C2Tx sheets. The EIS results of FVO/MX = 2:1 film
shows the lowest impedance, fastest electron transport and superior
stability. To further study the electronic properties, the electronic con
ductivities of the FVO/MX films were measured and results are shown in
Table S1. The electronic conductivity values of FVO/MX = 1:1, FVO/
MX = 2:1, FVO/MX = 4:1 are 97 S cm− 1, 40 S cm− 1and 14 S cm− 1,
respectively. That is higher than FVO (5x10− 5 S cm− 1) reported in
previous work.[51] The electronic conductivity of FVO/MX films further
verifies improvement of the electrodes by combining the oxide with
MXene.
In the Fig. 4e, the rate performance of FVO/MX electrodes and FVO
was further explored at an increasing current density. It’s clear that the
FVO/MX = 2:1 electrode has the highest discharge capacity among
them. Besides, FVO/MX = 1:1 and FVO/MX = 4:1 electrodes also
effectively enhanced the capacity of the cell owing to their higher con
ductivity and special sandwich morphology. The electrode of FVO/MX
= 2:1 delivers high discharge capacities, as discussed in Fig. 4c, and
interestingly recovers high capacities of 719 mAh g− 1, 824 mAh g− 1,
877 mAh g− 1, 926 mAh g− 1, 955 mAh g− 1 when going back to 2 A g− 1 1
A g− 1, 0.5 A g− 1, 0.2 A g− 1, and 0.1 A g− 1, respectively, showing good
rate capability. Moreover, when the current density was 5 A g− 1, the
capacity of the FVO/MX = 2:1 achieved a capacity retention of 48.8%
when the current density increased from 0.1 A g− 1 to 5 A g− 1. On con
trary, the performance of the FVO electrode is fading quickly with
increasing rate, with about абzero at 1 A g− 1. This may be attributed to
the low electronic conductivity and volume expansion drawbacks.
Cycling stability of the FVO/MX and FVO electrodes was compared
at a current density of 0.1 A g− 1, as shown in Fig. 4f. The FVO/MX = 2:1
anode delivered the highest capacity of 1125 mAh g− 1 after 250 cycles
and the capacity retention was 106%. That is much higher than the other
three anodes including FVO/MX = 1:1 (849 mAh g− 1), FVO/MX = 4:1
(934 mAh g− 1) and FVO (491 mAh g− 1) . Specifically, the capacity of
FVO anode faded quickly below 100 mAh g− 1 due to the volume
expansion of the FeVO4 nanorods during the lithiation/delithiation
progress and the conventional PVDF binders also can’t prevent the
active agent fall from the current collector. Compared with FVO anode,
FVO/MX electrode maintained a great cycling performance, the fading
was slower, which can be linked to the 3D sandwich structure. When Li
ions react with FeVO4, there is a large volume expansion, but there is
enough space between Ti3C2Tx MXene sheets to encapsulate FeVO4
nanorods and mitigate the enlarged volume. Such structure can also
improve the stability of the electrode because FeVO4 nanoparticles are
trapped inside the Ti3C2Tx layers which stops the usual issue of
disconnection from current collector. It is worth mentioning that the
capacity is increasing after approximately 80 cycles until 250 cycles. The
increasing capacity may be attributed to the reversible formation of a
polymeric gel-like interface on the electrode as a result of kinetically

Fig. 3. Morphological and microstructure characterization of FVO/MX = -2:1.
a, b) TEM and c, d) Highresolution TEM images.

tests were performed. Fig. 4a shows the lithiation/delithiation phe
nomenon of FVO/MX = 2:1 via CV during the first five cycles at a scan
rate of 0.1 mV s− 1. During the first cycle, there is an obvious reduction
peak located at 0.217 V which is not present in the following cycles thus
can be attributed to the formation of solid-electrolyte interface (SEI).
[48,49] Besides, the reduction peak at 0.45 V can be found, which can be
ascribed to the initial reduction of FeVO4 to Fe2O3 and lithium vana
dates following the process of reduction of V5+ to V4+, and V3+ even V0.
The reduction peak shifted to the right on following cycles. When Li ion
are inserted into a FeVO4 crystal, there is an irreversible phase reaction
happening; the triclinic FeVO4 transforms into iron oxide and lithium
vanadates and finally forms into Li2O, Fe and even V.[23] The possible
electrochemical reactions upon lithiation/delithiation are proposed as
follows:
2FeVO4 + xLi + xe− →Fe2O3 + LixV2O5

(1)

−

(2)

LixV2O5 + yLi + ye →Lix+yV2O5
Fe2O3 + 6Li + 6e →2Fe + 3Li2O

(3)

Lix+yV2O5 + zLi + ze− →2V + 5Li2O (x + y + z = 1)

(4)

−

The full equation can be written as:
FeVO4 + 8Li + 8e− →Fe + V + 4Li2O

(5)

Such process leads to an irreversible reduction reaction and the peak
shifts to right. Two main oxidation peaks were observed around at 1.3
and 2.0 V. Those peaks are mainly attributed to the delithiation of Li ions
from Lix+yV2O5. Theoretically, 8Li+ can be accommodated by the FeVO4
to form Li2O, Fe and V.[23] Besides, the above-mentioned two oxidation
peaks were still found in the following cycling tests, which demonstrates
the reversible extraction of Li ion. The galvanostatic charge/discharge
curves of the first five cycles of FVO/MX = 2:1 for LIBs at 0.1 A g− 1 are
displayed in Fig. 4b. During the first cycle, the electrode of FVO/MX =
2:1 exhibits a high discharge specific capacity of 1432 mAh g− 1 and
achieves an initial Coulombic efficiency of 80.5%. During the following
cycles, the curves almost overlapped together which presents a highly
reversible capacity and insertion/extraction of Li ions. The electrodes
were tested at different rates and the reversible capacities of FVO/MX =
5
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Fig. 4. Electrochemical Li-ion storage behavior of FVO/MX and FVO electrodes. a) Cyclic voltammograms of the initial five cycles at 0.1 mV s− 1. Charge and
discharge curves of FVO/MX = 2:1, b) at 0.1 A g− 1 and c) at different current density from 0.1 A g− 1 to 5 A g− 1. d) Nyquist curves of FVO/MX electrodes (Inset:
equivalent circuit diagram). e) Rate performance and f) cycling performance at 100 mA g− 1 of the prepared electrodes. g) long cycling test of FVO/MX = 2:1 at 5
A g− 1.

activated electrolyte degradation, such phenomenon is commonly
observed on the transition metal oxides, such as Fe2O3, Fe3O4 and MnO.
[52-54]
SEM images of FVO and FVO/MX = 2:1 electrode after 250 cycles are
shown in Fig S5 which can be compared to SEM images before cycling,
such as seen Fig S1. It was found that the FVO was subjected to pul
verization during cycling, evidenced by the presence of very large ag
gregates, breakdown of nanorods and growth of the SEI layer.[55]
Compared with the FVO electrode, the surface of the FVO/MX = 2:1
electrode also shows evidence of pulverization but appears more ho
mogeneous and in close contact, which can improve the electron
transport path.
To further evaluate the long-cycling performance, the capacity
retention and Coulombic efficiency of FVO/MX = 2:1 electrode was
tested at high current density of 5 A g− 1 (Fig. 4g) and at 2 A g− 1 (Fig S6).
Note that long cycling experiments with the larger current density were
conducted after first five cycles activated at 0.1 A g− 1. The FVO/MX =
2:1 anode delivered an initial capacity of 418 mAh g− 1 at 5 A g− 1, and
maintained a capacity of 291 mAh g− 1, that is a capacity retention of
69.5%. The Coulombic efficiency after 2500 cycles was 99.4 %. Both the
high Coulombic efficiency and high-capacity retention reflect stable
cycling performance. Similar promising results were achieved at 2 A g− 1
as the initial capacity was 743 mAh g− 1 and it decreased to 483 mAh g− 1
after 2500 cycles.

The promising electrochemical performance prompted us to explore
the Li+ storage behavior in the FVO/MX = 2:1 electrode in depth. Be
sides, Ti3C2Tx can provide significant pseudocapacitive storage contri
bution coming from the surface redox reaction, which co-operate with
battery-like faradaic process of FeVO4 in the FVO/MX = 2:1 electrode.
[56] The contributions of capacitive and diffusion-controlled processes
were further studied in Fig. 5a by analysis of CV curves at sweep rates of
0.1 mV s− 1, 0.2 mV s− 1, 0.5 mV s− 1, 1 mV s− 1 and 2 mV s− 1. Normally, in
this type of electrode material, we would expect three main Li+ storage
mechanisms including: (1) diffusion-controlled contribution coming
from conversion reaction; (2) pseudocapacitive contribution coming
from the surface fast redox reaction and fast intercalation; and (3)
capacitive contribution based on the electrochemical double layer for
mation.[57] The capacitive contributions (including pseudocapacitance
and double layer) and diffusion-controlled contribution can be calcu
lated by the relationship between the measured peak current (ί) and the
scan rate (ν), which satisfies the following formula:
i = aνb

(6)

where a and b are parameters that can be experimentally deter
mined. Generally, b = 0.5 means a diffusion-controlled process which
corresponding to the battery-type material, b = 1 corresponding to a
capacitive surface-controlled process leading to the supercapacitor-type
material.[58,59] When b is between 0.5 and 1, the material shows a
6
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Fig. 5. Kinetics analysis of the electrochemical behavior of FVO/MX = 2:1 electrode. a) CV curves at different scan rate (0.1–2 mV s− 1). b) Relationship between
peak current and scan rate. d) CV curve with corresponding pseudocapacitive contribution at 0.1 mV s− 1. d) Pseudocapacitive contribution ratios at different
sweep rate.

mixed behavior resulting from both types of processes acuuring in par
allel. According to the Fig. 5b, the b values of the anodic (peak I) and the
cathodic (peak II) were calculated by linear fitting to be 0.72 and 0.59,
confirming that the capacity of FVO/MX = 2:1 comes from both,
diffusion-controlled and capacitive processes. To further study the
capacitive and diffusion contributions, complementary analysis was
conducted using the following relationship between the current value ί
(ν) at fixed voltage, capacitive contribution (k1ν), and diffusion contri
bution (k2ν1/2):[58]
i(ν) = k1ν + k2ν1/2

(7)

As shown in Fig. 5c, there is 28.9% of capacitive contribution to the
whole Li ion storage at the scan rate of 0.1 mV s− 1. As expected, the
capacitive contribution gradually increased with the increasing scan
rate, up to 68.5% at 2 mV s− 1. This might be attributed to the too slow
conversion mechanism which is not fully achieved at higher rates and
some particles might not be accessible for Li+ storage.
To further reveal the Li+ storage mechanism and phase trans
formation of FVO/MX = 2:1 in LIBs, in-situ XRD was carried out, shown
in Fig. 6. The in-situ XRD analysis was performed at 2θ range from 5◦ to
40◦ and recorded at various potentials during cycling. In the in-suit XRD
pattern, the typical (0 0 2) peak of MXene was not present. This is due to
the Be window, with a strong background peak of Be masking the (0 0 2)
peak of MXene. In the discharge process, the (1–12) peak had a pro
gressive and continuous shift to the higher value. (1–12) peak shifted
from 27.9◦ to 28.4◦ during the discharge from 2.90 V to 0.45 V. The
(0 1 2) peak shifted left, indicating triclinic FeVO4 transformed into
LixV2O5 and followed by Lix+yV2O5.[22] Finally, the FeVO4 should be
transformed the Li2O, Fe and V, according to the CV profiles and the
actual specific capacity achieved. The presence of iron oxide can be
found when the discharge voltage reaches 0.4 V. However, we did not
find peaks of Fe, V or Li2O. Besides, during the charge process, the

Fig. 6. In-situ XRD analysis of FVO/MX = 2:1 electrode for lithium-ion battery.

(1–12) peak vanished and didn’t show up again, indicating the irre
versible process of lithium-ion intercalation in the first cycle, which is
one reason for the capacity decay in the first cycle. The presence of iron
oxide can also be a reason for the increasing capacity during the long
cycle test. In order to better explain the change of partial peak position
and irreversibility of the first cycle, the in-situ XRD contour picture is
shown in Fig S7. We can clearly see that the (1–12) peak moved from
27.9◦ to 28.4◦ and then disappeared.
Both, Ti3C2Tx and FeVO4 individually, previously showed attractive
behavior in Na+ storage.Backspace Hence we decided to evaluate the
electrochemical behavior of our composite for sodium ion batteries.
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[25,31] Just like in the Li+ battery, the as-prepared FVO/MX film
without any binders or current collector was used as the working elec
trode. Fig. 7a shows the first five CV cycles of the FVO/MX = 2:1 elec
trode. In the first cycle, there are two reduction peaks located at 0.68 V
and 0.83 V. These cathodic current peaks are irreversible and can be
attributed to the formation of solid electrolyte interphase (SEI).[21,25]
After the first cycle, there is one pair of redox peaks present in the
subsequent cycles, corresponding to the reversible sodiation/des
odiation of FeVO4. To test the rate capability of this electrode, both CV
scans at different scan rates (0.1 mV s− 1 to 2 mV s− 1) and galvanostatic
charge–discharge experiments at different current densities (0.1 A g− 1 to
10 A g− 1) were performed. The reversible pair of redox reactions are
observed in both tests shown in Fig. 7b and 7c. In the cyclic voltam
mograms, the peak positions don’t shift significantly at higher rates,
indicating a low overpotential, good electrochemical activity and
reversible process. In the charge–discharge curves, as well as the
calculated capacity shown Fig. 7d, we can observe the promising
discharge capacity of 543 mAh g− 1, 280 mAh g− 1, 235 mAh g− 1, 210.
mAh g− 1, 181 mAh g− 1, 153 mAh g− 1, 98 mAh g− 1 and 231 mAh g− 1, at
varying current densities of 0.1 A g− 1, 0.2 A g− 1, 0.5A g− 1, 1 A g− 1, 2 A
g− 1, 5 A g− 1, 10 A g− 1 then back to 0.1 A g− 1, respectively. Moreover,
when the current density was 10 A g− 1, the FVO/MX = 2:1 anode had a
higher capacity of 98 mAh g− 1 with the 99.8% Coulombic efficiency
(Fig. 7d). Compared with the state-of-the-art hard carbon, FVO/MX =
2:1 electrode shows a higher capacity and high-rate performance, which
can be attributed to the 3D sandwich structure and excellent conduc
tivity of the FVO/MX = 2:1 film. In order to prove the excellent per
formance of FVO/MX in sodium ion battery, we prepared FVO and
Ti3C2Tx electrodes for comparison, and the results proved that the FVO/
MX composite can effectively improve the electrochemical performance
of the electrode, as shown in Fig S8a.
Owing to the great rate performance of FVO/MX = 2:1 electrode
applied in SIBs, to better evaluate the long-life property in SIBs, the long
cycling was tested at a current density of 5 A g− 1 shown in Fig. 7e. Before
long cycling tests, the cell underwent 3 pre-cycles at 0.1 A g− 1. The Na
ion storage capacity obtained in the first cycle at 5 A g− 1 was 129 mAh
g− 1. After 5000 cycles, a capacity of 105 mAh g− 1 remained, proving a

capacity retention of 81.1%, with a Coulombic efficiency of 99.52%.
Additionally, a long cycling test at a current density of 2 A g− 1 was also
performed and shown in Fig S8b. The first discharge capacity reached
181 mAh g− 1, and 141 mAh g− 1 remained after 2000 cycles, with a
Coulombic efficiency of 98.3%. Such encouraging performance of FVO/
MX = 2:1 electrode in SIBs originates from its structure and high con
ductivity, giving a great stability of FVO/MX = 2:1 electrode.
4. Conclusion
To conclude, we successfully fabricated flexible and free-standing
FeVO4/Ti3C2Tx films combining FeVO4 nanorods and Ti3C2Tx MXene
nanosheets via a simple method of vacuum assisted filtration. The FVO/
MX films were directly used as anodes for LIBs and SIBs, and exhibited
superior electrochemical performance due to the synergy between
FeVO4 and Ti3C2Tx. In the FVO/MX composites, Ti3C2Tx sheets acted as
a pseudocapacitive conductive host and battery-type material FeVO4
nanorods were uniformly laid in between the layers. This structure can
effectively improve the space available to accommodate the volume
expansion in the process of Li+/Na+ reactions while the close contact
between FeVO4 and Ti3C2Tx can effectively improve the electron
transport. Owing to the special 3D structure, even if pulverization occurs
in the reaction with Li+/Na+, FeVO4 nanorods would still keep contact
with Ti3C2Tx layers, which is good for the cycling stability. Among the
three FVO/MX films with different mass ratios, FVO/MX = 2:1 delivered
the best performance. Specifically, when FVO/MX = 2:1 electrode was
used for the lithium-ion battery, it delivered an initial reversible ca
pacity of 1179 mAh g− 1 and retained 1125 mAh g− 1 after 250 cycles at a
current density of 0.1 A g− 1. Besides, the FVO/MX = 2:1 anode delivered
a reversible capacity of 418 mAh g− 1 in the first cycle, and retained 291
mAh g− 1 with 99.4 % Coulombic efficiency after 2500 cycles, and 69.5%
capacity remained at 5 A g− 1 current density in LIBs. Compared with the
conventional FVO electrodes, FVO/MX films can effectively mitigate the
common drawbacks of conversion reaction materials and improve the
cycling stability and electrochemical performance. These films can be
directly used as anodes for batteries and be used in next-generation
flexible and wearable energy storage devices.

Fig. 7. Electrochemical Na-ion storage behavior of FVO/MX = 2:1 electrode. Cyclic voltammograms of a) the initial five cycles at 0.1 mV s− 1 and b) at 0.1 mV s− 1 to
2 mV s− 1. c) Charge and discharge profiles at different current density from 0.1 A g− 1 to 10 A g− 1. d) Rate performance and e) Long cycling test for FVO/MX = 2:1 at
5 A g− 1.
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