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The V,03/C composites have been successfully synthesized by a facile hydrothermal thermolysis method,
employing vanadyl hydroxide as precursor and different carboxylic acids as both a carbon source and
reducing agents. The morphology, structure, and composition of the obtained V,03/C composites were
investigated by X-ray diffraction, Raman spectroscopy, scanning and transmission electron microscopies,
physical sorption, thermogravimetric analysis coupled with mass-spectrometry, and elemental analysis.

Keywords: The as-prepared V,03/C composites consist of hierarchically structured microspheres, either with core-
Anode material shell or solid architecture depending on the used carboxylic acid. When used as anode for lithium-ion
Composite batteries, the V,03/C spheres deliver very good electrochemical performance with high specific capacity,
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great cyclic stability, and high rate capability. The large capacitive current contribution favors superior
lithium storage kinetics compared to more compact chunk-shaped V,03/C materials. In particular, the
composite prepared with tartaric acid exhibits a high reversible capacity of 454 mAh g-! after 100 cycles

at 100 mA g1,

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, rechargeable lithium-ion batteries (LIB) are the most
promising energy storage systems for mobile applications, includ-
ing electric vehicles, due to their high energy density, high en-
ergy efficiency and long cycle life [1-5]. It is well-known that
the electrode materials play a decisive role in determining the
LIBs performance. Graphite, the predominant commercial anode
material, has a rather low theoretical capacity of 372 mA h
g~1, that cannot meet the ever-growing demand for next gen-
eration high energy LIBs [6,7]. Thus, in recent years, many en-
deavours have been placed on exploring alternative anode ma-
terials for LIBs, especially transition metal oxides have attracted
intense research in view of their high theoretical capacities [8—
13]. Among them, vanadium trioxide (V,03) is favoured for its
high theoretical capacity (1070 mA h g-1), low working potential,
low cost, natural abundance, and environment friendliness [14-
17]. Particularly, it undergoes a first order metal-to-insulator tran-
sition at 150-160 K accompanied by a change from a paramag-
netic rhombohedral phase into an antiferromagnetic monoclinic
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phase [18,19]. So, V,03 exhibits moderate electronic conductivity
at room temperature, which is much higher than that of other
transition metal oxides, such as MnO,, Fe;03, Co304 [20]. How-
ever, its poor cycling stability seriously hinders its practical appli-
cation. Vanadium trioxide suffers from large volume change during
Li-ion insertion/extraction resulting in cracking and pulverization.
To overcome this issue, rational structure design and the prepa-
ration of composites with carbonaceous materials have proven to
be promising strategies in recent years [21]. Building hierarchical
nano-/micro-architectures can combine both the advantageous of
nanosized primary particles and micro-sized arrangements [22-
24]. Nanomaterials can accommodate large mechanical strain of
Li-ion insertion/extraction improving the cycle life and, in addi-
tion, possessing high specific surface area and short Li* diffusion
path leading to high energy and power density [25,26]. Hierarchi-
cal structures guarantee structural stability by preventing agglom-
eration of the nanoparticles, which occurs due to low thermody-
namic stability [24,27]. When using carbonaceous materials for the
stabilising matrix, carbon can serve, on the one hand, as a buffer
to accommodate changes in volume and as a physical barrier to
prevent the agglomeration and restacking of V,03 particles on the
other [28,29]. Moreover, the carbon can effectively improve the
electronic conductivity by forming a conductive network [14,30].
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Table 1
The molecular structure and acid dissociation constant of the selected
carboxylic acids.

Carboxylic acid ~ Chemical formula  Structure  Acidity (pKa1)
Citric acid CgHgO7 fx 3.13
Malic acid C4HgOs fx 3.46
Tartaric acid C4HgOg fx 3.04

For example, dandelion-like V,03/C composite with bicontinuous
3D hierarchical structures, which was synthesized by a template-
free solvothermal method, shows high reversible capacity, out-
standing cycling performance and excellent rate capability [31]. Yu
et al. [32] reported that urchin-like V,03/C hybrid composed of
nanofibers and hollow nanospheres delivered a discharge capacity
of 737 mA h g~ after 100 cycles at a current density of 0.1 A g~1.
Jiang et al. [33] prepared via a template-free polyol solvothermal
method carbon-coated V,03 yolk—shell microspheres. The hierar-
chically structured V,03/C composite shows superior electrochem-
ical performance compared to bulk V,03. Liu et al. [34] fabricated
3D hierarchical porous V,03@C micro/nanostructures consisting of
crumpled nanosheets through self-reduction under annealing from
the structurally similar VO,(B)@C precursor exhibiting a large re-
versible capacity up to 732 mA h g~! at 100 mA g~! even after
136 cycles.

Herein, we report for the first time the hydrothermal method
with the post-annealing treatment to synthesize a V,03/C compos-
ite material with a unique hierarchical structure using citric acid,
tartaric acid, and malic acid as both the carbon sources and re-
ducing agents. The chosen organic acids possess different molecu-
lar structure, acidity affecting the hydrolysis reaction, and different
numbers of hydroxyl groups as well as carboxyl groups which can
serve as organic ligands in the coordination reaction with vana-
dium ion. The chemical formula of used carboxylic acids and their
molecular structure are summarized in Table 1. The influence of
the synthesis conditions on the chemical composition, morphol-
ogy, texture, and electrochemical properties of V,03/C composites
is particularly investigated.

2. Experimental
2.1. Materials

Vanadyl sulfate hydrate VOSO4enH,0 (97% VOSO,4), ammonium
hydroxide solution (28% NHs3 in H,0), tartaric acid (C4HgOg), malic
acid (C4HgOs), and citric acid (CgHgO;) with analytical grade were
purchased from Sigma-Aldrich and used without any further pu-
rification.

2.2. Synthesis of V,03/C composites

V,03/C composites were prepared using the hydrothermal ther-
molysis process. The typical synthesis route is briefly described
as follows. Firstly, vanadyl hydroxide VO(OH), precursor was pre-
pared. According to the synthetic procedure, 7.95 g VOSO4enH,0
was dissolved in 400 mL of deionized H,0 using magnetic stir-
ring at room temperature, then ammonium hydroxide solution was
added dropwise (one drop every ~1 min) to adjust the pH value
of the mixture equal to 4 The brown precipitate was collected by
centrifugation, washed several times with water and ethanol, and
dried at 25 °C in air to obtain the VO(OH), powder products. Sec-
ondly, VO(OH), and the carboxylic acid (citric acid, malic acid or
tartaric acid) were weighed in at a molar ratio of 1: 1 and mixed
well together in deionized 60 mL water under constant stirring.
The mixture became a clear-blue solution, which was then trans-
ferred to a 45 mL stainless steel autoclave lined with PTFE. The
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autoclave was heated at 180 °C for 24 h and then cooled to room
temperature naturally. The obtained product was filtered, washed
with deionized water, and dried in air under ambient conditions.
Finally, the powder was sintered under a flow of N, gas at 400-
650 °C for 1 h to obtain the V,03/C composites. Depending on the
type of the carboxylic acids, the resulting materials are termed be-
low as V,03/C-C (citric acid), V,03/C-M (malic acid), and V,03/C-T
(tartaric acid).

2.3. Characterization

Powder X-ray diffraction (XRD) in the 10-70 ° 20 range with
a step size of 0.2 ° was performed on a Bruker AXS D8 Ad-
vance Eco diffractometer using CuKe radiation. The morphology of
the samples was investigated by a ZEISS Leo 1530 scanning elec-
tron microscope (SEM) and a JEOL JEM 2100 transmission elec-
tron microscope (TEM). The energy dispersive X-ray analysis was
performed on JEOL JSM 6390 LA scanning electron microscopy
equipped with an EX-23010BU energy-dispersive X-ray analyzer.
Raman spectra were measured with an inVia Reflex spectrome-
ter (Renishaw) using a 100 mW RL532-08 solid state laser with a
532 nm wavelength. To avoid damages of the samples, the emitted
power was decreased up to 1%. Thermogravimetric analysis (TG-
DSC-MS) with a heating rate of 10 Kemin~! starting from room
temperature up to 750 °C under flowing air was carried out using
STA 449 F3 Jupiter thermoanalyzer (Netzsch) coupled with a QMS
403 mass spectrometer. The textural characteristics (specific sur-
face area, porosity) of the samples were determined with a Gemini
VII (Micromeritics) analyzer on the basis of low-temperature ni-
trogen adsorption. The samples were prepared by evacuation at
100 °C for 3 h. The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) method using nitrogen adsorption
isotherms. The pore-size distribution curves were calculated by the
Barrett-Joyner-Halenda method. The content of carbon was deter-
mined by CHN elemental analysis (EA) using Vario MICRO Cube
(Elementar).

2.4. Electrochemical measurements

Electrochemical studies were performed with a VMP3 potentio-
stat (Bio-Logic SAS) at 25 °C using Swagelok-type half cells with
lithium metal foil (Alfa Aesar) pressed on a nickel current collec-
tor as counter electrode (see [35]). The working electrode consists
of 75 wt% active material, 15 wt% carbon black (Super C65, Tim-
cal) and 5% polyvinylidene fluoride binder (Solvay Plastics) and
were prepared as follows. First, the powders were mixed in N-
methyl-2-pyrrolidone (NMP, Sigma-Aldrich) and stirred for at least
12 h. To obtain a spreadable slurry most of the NMP was evapo-
rated under vacuum. Afterwards, the electrode slurry was applied
on circular Cu meshes (wire diameter: 0.115 mm, nominal aper-
ture: 0.14 mm, wires/inch: 100 x 100, open area: 30.3%, thickness:
0.25 mm,) with 10 mm diameter and the resulting electrodes were
dried under vacuum, pressed with a spindle press by hand and
then dried again. The electrodes were separated by two glass fiber
layers (Whatman GF/D). As electrolyte 200 ul of a 1 M LiPFg salt
solution in 1:1 ethylene carbonate and dimethyl carbonate (Merck
Electrolyte LP30) was used. The preparation of the electrodes and
the cell assembly were done in a glovebox filled under argon
atmosphere (O,/H,0 < 5 ppm). For ex-situ SEM measurement,
the cells were galvanostatically cycled at 100 mA g~! and disas-
sembled in the glove box. The electrodes were washed in DMC
and dried under vacuum conditions. The calculation of the spe-
cific capacity is based on the total mass weight of the composites
V,03/C.
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Fig. 1. (a) XRD patterns and (b) Raman spectra of the V,03/C composites fabricated using different carboxylic acids: citric acid (V,03/C-C), tartaric acid (V,03/C-T), and malic
acid (V,03/C-M). In addition, the ICSD #94,768 [36] reference pattern of rhombohedral V,03 is shown in (a).

Table 2
Crystallite sizes from XRD, results of the BET analysis, and carbon content of
the V,03/C composites.

;rystallite Sger Carbon content (wt%)
Samples {S'ZE \ (m2eg-1) TG EA
\nm/
V,05/C-C 17(2) 272 6.0 6.5(5)
V,03/C-M 14(2) 345 13.0 12.5(5)
V,05/C-T 16(2) 90.0 12.6 12.6(5)

3. Results and discussion

Fig. 1a shows the XRD patterns of the V,03/C composites syn-
thesized using different carboxylic acids. The samples obtained us-
ing malic acid and tartaric acid after hydrothermal treatment but
before annealing in inert atmosphere are XRD amorphous samples
(Fig. S1). On contrary, XRD pattern of the citric acid-assisted sam-
ple after hydrothermal treatment shows a low crystallinity of the
compound. It can be explained by the stronger redox activity of
citric acid. Annealing at 650 °C leads to the appearance of distin-
guished XRD patterns, which can be assigned to the rhombohedral
V,053 phase according to ICSD #94,768 [36]. No impurity peak can
be observed, which demonstrates the successful synthesis of phase
pure V,03. The average crystallite sizes of V,03 in the V,03/C-
composites can be estimated using the Scherrer equation:

Dpi = KA/ A (26440) €080, (1)

where Dy, is the average grain size based on the particular reflect-
ing crystal face (hkl) direction, K is a shape factor which can be
approximated to 0.9, A is the wavelength of the applied Cu Ko ra-
diation, A(260yy,) is the full width at half-maximum of the diffrac-
tion peak, and 0y, is the Bragg angle. The averaged crystallite sizes
of V,03 in the composites V,03/C-C, V,03/C-M and V,03/C-T ob-
tained from the analysis of the (012), (104), (110), and (116) re-
flexes are listed in Table 2. We conclude that the composites ex-
hibit V,03 nanoparticles which crystallite size does not distinctly
depend on the choice of carbon source. In addition, the different
Bragg peaks yield very similar results which suggests rather regu-
larly shaped particles.

To confirm the composite formation between V,03 and carbon
component, Raman analysis was carried out (Fig. 1b). It can be ob-
served that two typical broad peaks, corresponding to the D- and
G-bands, are located at about 1361 and 1595 cm~!. The D-band is

associated to the breathing mode of sp? hybridized carbon atoms
in rings and only becomes active in the presence of defects and
disordering atomic arrangements in the hexagonal graphitic layers.
The G-bands corresponds to the in-plane vibration of sp2-bonded
carbon atoms [37]. Additionally, the pointed peaks are broad, indi-
cating the presence of amorphous carbon with a low crystallinity.
The ratio of the maximum intensities of these peaks, Ip/Ig, was cal-
culated as 0.73, 0.77 and 0.88 for V,03/C-M, V,03/C-T and V,03/C-
C composites, respectively. As for the peaks below 1100 cm~!, they
are attributed to V-O vibrations as described in previous V,03-
based reports [38]. It should be noted that the Raman spectra for
samples obtained after hydrothermal treatment but before anneal-
ing in inert atmosphere (Fig. S1) do not contain carbon typical vi-
brational modes.

The elemental chemical analyses of the composites yield a car-
bon content of 12.5(5)% and 12.6(5)% for V,03/C-M and V,05/C-T,
respectively, and thus about twice as much as for the composite
prepared with citric acid with 6.5(5)% carbon (see Table 2).

The morphology and topography of the V,03/C composites syn-
thesized using citric acid, malic acid, and tartaric acid as both car-
bon source and reducing agent were investigated by SEM (Fig. 2)
and TEM measurements (Fig. S2). It is observed that all of them
show hierarchically structured spheres with diameters about 1-
4 pm. Some microspheres are connected to each other. The SEM
images of citric acid and malic acid assisted V,03/C composites
display core-shell structures filled with a solid core. The thickness
of the shells is about 200-300 nm. Obviously, the topography of
the samples is affected by the carboxylic acid. The shells of the
V,03/C-C composite prepared using citric acid consist of nanopar-
ticles with a size of only a few 10 nm, resulting in a rough surface
texture with very fine granulation (Fig. 2 a and b). In the com-
posite V,03/C-M prepared using malic acid the shell has a coarse-
grained surface to which particles with varying size up to 300 nm
are attached (Fig. 2 c and d). In contrast to V,05/C-C and V,03/C-M
composites, the SEM images of the broken microspheres of tartaric
acid assisted V,03/C-T composite reveal the solid interior struc-
ture (Fig. 2 e and f). It can be seen that the solid microspheres
are composed of closely packed nanoparticles with the average
size of about 25-40 nm, while the surface is decorated with flake-
like nanoparticles. The core-shell structure of the V,03/C com-
posites prepared using citric acid and malic acid is confirmed by
TEM measurements (Fig. S2 a-c). In the high resolution TEM im-
age of V,03/C-M composite a lattice spacing of 0.362 nm is mea-
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Fig. 2. SEM images of V,03/C composites prepared using the different carboxylic
acids: (a,b) citric acid, (c,d) malic acid, and (e,f) tartaric acid.

sured corresponding to the (012) crystal plane of rhombohedral-
phase crystalline V,05 (Fig. S2 d). Selected area electron diffraction
(SAED) confirms the crystalline structure of V,03 in the V,03/C
composite (Fig. S2 e). The observed Debye-rings in the SAED pat-
tern can be indexed to the rhombohedral phase of V,0s3, with
diffraction rings corresponding to the (012), (104), (110), (020),
(113), (116), and (300) crystal planes from inner to outer. Our data
reveal the crucial role of the carboxylic acids on the morphology
and internal microstructure of the resultant V,05/C composites.
The morphological structure of the composites prepared using cit-
ric acid and malic acid significantly differs from that of V,03/C
synthesized using tartaric acid. It is found that the formation the
core-shell structure is a time-dependent process [33,39]. In the ini-
tial state of the process, the nanoparticles are assembled to spher-
ical solid aggregates by the coordination reaction of the vanadium
ion with organic ligand caused by the hydrogen bond and van der
Waals interaction [31]. With increasing reaction time, spherical ag-
gregates grow by the deposition of sheet-like particles on the sur-
face of these aggregates. On prolonging the hydrothermal time, the
solid microspheres evolve to microspheres with core-shell struc-
ture due to an inside-out Ostwald-ripening process that involves
the dissolution of the unstable inner core and subsequent recrys-
tallisation at the outer surface to form shells with a more stable
phase [40]. The formation mechanism of core-shell structures es-
tablishes that the primary seed concentrations play a key role in
the crystal nucleation and growth. It is known that the fast hydrol-
ysis rate, which is inversely proportional to the dissociation con-
stant of the compound, produces more primary particles [41]. In
the case of V,03/C composites, the primary particles are formed
by hydrolysis of VO%*-carboxylic acid complex using the water
molecules as solvent. For citric acid, malic acid, and tartaric acid,
the negative logarithm of the acid dissociation constant (pKj;) is
3.13, 3.46, and 3.04, respectively. Accordingly, the stronger tartaric
acid provides a lower degree of hydrolysis and fewer primary par-
ticles obtained. The low density of primary particles requires more
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time for them to assemble into spherical aggregates with a core-
shell structure. In the case of V,03/C-T composite (Fig. 2e), the hy-
drothermal treatment for 24 h only results in the deposition of the
outer shell on the surface of cores which is the second stage of the
formation of the core-shell microspheres. The elemental mapping
analysis of V,03/C-C composite, selected as an example, confirms
the coexistence and homogeneous dispersion of V, O, and C ele-
ments (Fig. S3).

In order to determine the carbon content of V,03/C compos-
ites, TG-DSC-MS measurements of the as-prepared samples were
carried out under air flow. It can be observed that several steps
emerge from the TG-curves of the V,03/C composites (Fig. 3). In
all samples, the first step starts from about 70 °C and ends at
200 °C. It can be mainly attributed to the loss of water absorbed
on the material’s surface. The process is accompanied by a very
weak and broad endothermic peak centered at about 90 °C. The
next weight loss from 200 °C up to ~400 °C is caused by the ox-
idation of the carbon component of the V,03/C composites and
the emission of CO, gases (m/z = 44 a.m.u.) as corroborated by
the analysis of the MS-curves (ion current versus temperature). For
the V,03/C-C composite, this process is described by two distinct
steps of weight loss which can be attributed to a successive oxida-
tion of the carbon component, first of the carbon shell and then of
the carbon core of the sphere-like particles (Fig. 3a). Additionally,
the TG-curve for V,03/C-C composite shows a small mass increase
(0.3 wt%) from 357 to 384 °C originating from the oxidation of the
outer V,03. While the carbon shell is oxidized, the outer V,03 be-
comes exposed to air and oxidizes to V,05. The combustion re-
actions of the carbon component in V,03/C-C composite are ac-
companied by two broad exothermic peaks in the DSC-curves cen-
tered at 354 and 408 °C. A large exothermic peak width indicates
that the reactions occur at a low rate. For V,03/C-M composite,
the results imply removal of carbon within two distinct steps as
indicated by one pronounced peak at around 396 °C and the vis-
ible satellite peak at about 360 °C in the MS-curve (Fig. 3b). This
process is accompanied by one broad exothermal peak in the DSC-
curve at 392 °C. The thermal behavior of the V,03/C-M composite
is similar to the one of the acid-assisted composite as it also re-
flects the particular core-shell morphology (Fig. 2c and d). In con-
trast, in the case of V,03/C-T composite exhibiting a solid interior
structure, the decomposition of the carbon component by oxida-
tion and the release of CO, gases occurs within only one stage
(Fig. 3c). A strong and sharp exothermal peak with its maximum
at 384 °C is observed indicating the vigorous combustion reaction
of the carbon. According to the TG-curves, the calculated carbon
contents in V,03/C-C, V,03/C-M and V,03/C-T composites amount
to 6.0 wt%, 13.0 wt%, and 12.6 wt%, respectively. These results are
in a good agreement with the results of the carbon content deter-
mination by the EA (Table 2). The last step in the TG curves rang-
ing from ~400 to 750 °C shows a weight gain of about 0.2 wt%,
1.3 wt% and 3.1 wt% for V,05/C-C, V,03/C-M, and V,03/C-T, respec-
tively. This process is attributed to the full oxidation of V3+ ions to
V5+ resulting in the formation of V,05 as a final thermolysis prod-
uct. From the mass spectroscopy curves it is evident that the main
gaseous product is the molecular ion O,* with m/z = 32 am.u,
whose content changes during this process. A sharp endothermic
peak at ~677 °C in the DSC-curves can be ascribed to the melting
of V,0s.

The texture properties of the composites were investigated by
nitrogen sorption isotherms (Fig. 4). All measured curves can be
classified as a type-IV isotherm which is typical for mesoporous
materials [42]. Unlike V,03/C-M and V,03/C-T, an H3 hysteresis
loop occurs in V,03/C-C at high relative pressures (P/Py = 0.7-0.9),
indicating the presence of macropores (Fig. 4a). Specifically, the H3
hysteresis loop testifies about the presence of the aggregated plate-
like particles with slit-shaped pores structure [42]. Both V,03/C-M
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Fig. 4. Nitrogen sorption isotherms and corresponding pore-size distributions (inset) of V,03/C composites prepared using (a) citric acid, (b) malic acid, and (c) tartaric acid.

and V,03/C-T samples exhibit type H4 loops associated with nar-
row slit-like pores (Fig. 4b and c). The BET specific surface areas
of the V,03/C composites are displayed in Table 1. In comparison
with V,03/C-C and V,03/C-M, the BET surface area of the V,05/C-T
composite is rather high which may be due to the particular mor-
phology of this material (see Fig. 2). For V,03/C-M and V,03/C-T
composites, the pore-size distribution is monomodal with the pre-
dominant size of about 4 nm (Fig. 4b and c, inset) while, in con-
trast, V,03/C-C composite exhibits an inhomogeneous pore struc-
ture. The pore-size distribution for V,03/C-C composite is observed
in a wide range, demonstrating the co-existence of both meso-
pores and macropores (Fig. 4a, inset). These differences in the tex-
tural properties are caused by using of various carboxylic acids as
the carbon source. The inhomogeneous pore structure of V,03/C-
C might arise from the microcracking of the sample by a large
amount of gases generated in the heating of the V-O precursor
with citric acid leading to a wide size distribution. Compared to
malic acid and tartaric acid, citric acid has the highest molecular
mass favoring the release of a large amount of gases during the
post-annealing treatment (H,0, CO,, O,, CO).

The electrochemical properties of the V,03/C composites are
investigated by cyclic voltammetry (CV) and galvanostatic cycling
with potential limitation (GCPL) within the potential window be-
tween 0.01 and 3.2 V. Fig. 5a displays the first, second, and fifth cy-
cle of the cyclic voltammogram of V,03/C-C recorded at a scan rate
of 0.05 mV s~!. As the comparison of the CV curves of the other
two composites V,03/C-M and V,03/C-T (Fig. S4) shows, there are
no pronounced differences between the composites prepared with
different carboxylic acids. During the first reductive scan, there is
a peak at around 0.75 V which disappears in the subsequent cy-
cles, corresponding to the irreversible formation of a solid elec-
trolyte interface (SEI) from the decomposition of electrolyte [14].
The storage of Li-ions in the carbonaceous structures is reflected by

the redox activity around the lower voltage limit 0.01 V [43]. The
remaining redox activity can be assigned to the electrochemical
lithiathion/delithiation mechanism of V,03, that can be described
as follows [44,45]:

V503 + xLit + xe™ < LixV,03, (2)

3)

During discharge, Li* are firstly intercalated into V,05 to form
LixV,03 (Eq. (2)). While more Li-ions are inserted, Li,O is formed
by a conversion reaction accompanied by the total reduction of
the vanadium (Eq. (3)). The charge process follows the reverse re-
actions. Due to the multivalency of vanadium, several transition
states can coexist during the dis-/charge process leading to the ob-
served smooth course of the CV curves without pronounced peaks
[14,46]. The second and fifth CV cycles are mostly overlapped, im-
plying high reversibility of the Li* storage in the hierarchically
structured V,03/C sphere electrode.

GCPL measurements enable to investigate the cycling behavior
of the V,03/C composites as an anode material for lithium-ion bat-
teries. Fig. 5b shows the dis-/charge capacities at 100 mA g~! for
the first 100 cycles. For comparison, the data of V,05/C microparti-
cles with chunk-shaped morphology (V,03/C-C-SG) synthesized by
a sol-gel process, which were reported in detail elsewhere [47], are
also shown. The potential profiles exemplarily shown for V,03/C-C
in Fig. 5¢ are fully consistent with the CV measurements. During
galvanostatic cycling the potential gently decreases and no obvi-
ous plateaus appear, indicating that V,03 reacts smoothly with Li-
ions. While there are no major differences to the other two com-
posites V,03/C-M and V,03/C-T in the potential profiles (Fig. S5),
clear differences can be observed in the reached capacities. In the
first cycle, specific dis-/charge capacities of 680/380 mAh g~! and

LixV205 + (6-X)Li* + (6-x)e~ <> 2 V + 3Li,0.
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Fig. 5. (a) CV curves of V,03/C-C recorded at a scan rate of 0.05 mV s~!. (b) Specific
dis-/charge capacities for the composites fabricated by hydrothermal thermolysis
method using citric acid (V,03/C-C), malic acid (V,03/C-M), tartaric acid (V,03/C-
T), and by citric acid-assisted sol-gel method (V,03/C-C-SG) during galvanostatic
cycling at 100 mA g~' and (c) corresponding potential profiles of the first, second
and hundredth cycle for the V,03/C-C composite.

738/381 mAh g~! are measured for V,03/C-M and V,03/C-T, re-
spectively, and only 549/302 mAh g-! for the composite V,03/C-
C. The irreversible capacity in the initial cycle originates from the
SEI formation and structural changes during the first lithiation as
observed in the CV curves [15,16,44]. In comparison to the com-
posites V,03/C-M and V,03/C-T, the composite V,03/C-C has only
about half the carbon content and the smallest surface area which
might explain the lower capacity. All three composites exhibit ex-
cellent capacity retention. After 100 cycles the composites V,03/C-
M and V,03/C-T reach discharge capacities of 399 and 454 mAh
g~1. The composite V,03/C-C still achieves 284 mAh g~'. Even an
increase of the capacity with cycling can be observed for V,03/C-M
and V,03/C-T and for the composite V,03/C-C at least in the first
twenty cycles. This is also reported in the literature and can be at-
tributed to an activation process resulting from the electrochemical
grinding effect [14,16,34,51]. The progressive particle pulverization
leads to the exposure of inner inactive regions and thus generates
new active sites for electrochemical reactions. The results of the
galvanostatic dis-/charge measurements suggest that the morpho-
logical structure, core-shell microspheres as for V,03/C-M or solid
microspheres as for V,03/C-T, does not seem to affect the elec-
trochemical performance. In addition, it is clearly observed that in
comparison to the chunk-shaped composite V,03/C-C-SG (specific
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Fig. 6. (a) Specific charge/discharge capacities of rate capability test with different
cycling rates between 100 and 500 Ma g~! and (b) corresponding potential profiles
of the composites prepared by hydrothermal synthesis using citric acid (V,03/C-C),
and the composite V,03/C-C-SG fabricated by citric acid-assisted sol-gel method.

surface area of 1.8 m2 g1 [47]) fabricated by citric acid-assisted
sol-gel method the composites prepared by hydrothermal synthesis
exhibit superior electrochemical performance. The composites with
sphere-like morphology achieve higher specific capacities with en-
hanced cycling stability which might be attributed to their special
architecture and larger specific surface area. SEM images (Fig. S6)
of V,03/C-C electrodes, selected as an example, after 1 cycle and
after 200 cycles confirm the structural stability of the hierarchically
structured V,05/C microspheres during cycling. The chunk-shaped
V503 may suffer from structural degradation and self-aggregation
during cycling, which results in poor cycling stability.

The results of the rate capability studies at current densities
from 100 to 500 mA g~! are shown in Fig. 6. Among all samples,
the composite V,03/C-M prepared using malic acid, exhibits the
best performance with specific discharge capacities of 351 mAh
g1, 316 mAh g-! and 263 mAh g-! at rates of 100 mA g !,
200 mA ¢!, and 500 mA g-! after 15 cycles each, corresponding
to a capacity retention of 75% when increasing the current by five
times. Moreover, when the current density is returned to 100 mA
g1 the original capacity is fully recovered, demonstrating a re-
markably high rate capability. The other two samples also show
high rate performance while, the composite V,03/C-C-SG exhibits
much lower capacities, at all measured current rates in compari-
son, further confirming the beneficial properties of the sphere-like
structure of the samples V,05/C prepared via citric acid, malic acid,
or rather tartaric acid-assisted hydrothermal thermolysis method.
The potential profiles in Fig. 6b show for the composite V,05/C-C-
SG the higher overpotential in terms of lower discharge and higher
charge potential with increasing rate which results from kinetic ef-
fects.

To explain the superior rate performance of the porous sphere-
like composites compared to chunk-shaped V,03/C, the surface-
induced capacitive and diffusion-controlled processes were quan-
tified by studying the lithium storage kinetics. Fig. 7a and b show
the CV curves of V,03/C-C and V,03/C-C-SG at scan rates ranging
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Fig. 7. Kinetic analysis: CV curves at different scan rates of (a) V,03/C-C and (b) V,03/C-C-SG. (c) Power law dependence of current response on scan rate at various
potentials for reductive sweep. Capacitive contribution (shaded area) to the total current at a scan rate of 1 mV s=' of (d) V,03/C-C and (e) V,03/C-C-SG. (f) Normalized

contribution ratio of capacitive and diffusion-controlled charge storage at different scan rates.

Table 3

Comparison of the electrochemical performance of V,03/C electrodes prepared via solvo- and hydrothermal synthesis as reported in the literature.
Material Current density (mAeg~')  1st charge capacity (mAheg-')  Specific capacity (mAheg-1)/cycle no.  Refs.
Core-shell V,03/C nanoplatelets 100 360% 260/100 [29]
Yolk-shell V,03/C microspheres 100 47072 437.5/100 [33]
V,05/C nanoparticles 200 380 525/200 [16]
Dandelion-like V,03/C spheres 500 280° 474400 [31]
Peapod-like V,03/C nanowires 100 230 186/125 [54]
Core-shell V,03/C microspheres 100 380 399/100 This work
Solid-structured V,03/C microspheres 100 381 454/100 This work

@ Values are estimated from the graphs.

from 0.01to 5 mV s~! for one cycle each starting with the second
cycle. The relationship of current (i) and scan rate (v) obeys the
power law formula

i=arb,

(4)

where both a and b are adjustable values [48,49]. A b value of 0.5
indicates a totally diffusion-controlled process, while for an ideal
capacitive process the b value is 1 [49,50]. By plotting log(i) vs.
log (v), the b value can be obtained from the slope. Fig. 7c shows
the b values of V,03/C-C and V,03/C-C-SG at various potentials for
reductive sweep. The higher b values calculated for V,03/C-C com-
pared to V,03/C-C-SG suggest a higher capacitive contribution in
the V,03/C-C composite. Quantitatively, the capacity contribution
of the current response can be determined by using the following
equation [51,52]:

i(V) = kv + kyv'/2. (5)

The current at a fixed potential V can be divided into two
parts, one originating from the capacitive effects (k;v) and one
from diffusion-controlled processes (k, v/2). By plotting i(V)/v
12 ys, v122) k; and k, at a certain potential can be determined
by the slope and the y-axis intercept (Fig. S7). The kinetic anal-
ysis at 1 mV s~! reveals that the Li* storage for V,05/C-C is
more determined by capacitive effects than for V,03/C-C-SG. As
shown in Fig. 7d, 72% of the total charge of V,03/C-C results from
capacitive processes (highlighted by the shaded area), while for
V,03/C-C-SG it is only 39% (Fig. 7e). A high fraction of capac-
itive charge storage is very advantageous since surface-induced
processes are much faster than diffusion-controlled processes, and

thus explains the excellent rate capability of V,03/C-C. Further-
more, it causes smaller volume changes during de-/lithiation com-
pared to diffusion-controlled processes resulting in an improved
cycling stability [53]. We attributed these high capacitive contribu-
tions to the large surface area of V,05/C-C spheres. As expected,
with an increasing scan rate, increasing capacitive contributions
were obtained (Fig. 7f). This can be explained by the slower Li+
diffusion compared to the faster and less rate-depended contribu-
tion of the surface-induced capacitive processes.

The results of this study clearly indicate that the V,05/C com-
posites with sphere-like structure exhibit an enhanced electro-
chemical performance as compared to chunk-like V,05/C. More-
over, as demonstrated by Table 3, the composite V,03/C spheres
also compete well with other V,053/C materials prepared via solvo-
or hydrothermal synthesis reported in literature. The excellent
charge storage performance of the hierarchically structured V,03/C
microspheres can be attributed to their special architecture in
several aspects. As above mentioned, the hierarchical assembly
of nanoparticles may offer many advantages, including improved
structural stability of the electrode material. Compared to V,03/C
chunks, the porous V,03/C microspheres have a larger specific sur-
face area, which shortens the diffusion path of Li-ions and in-
creases the number of electrochemical active reaction sites. More-
over, it promotes surface-induced capacitive charge storage which,
on one hand, provides a fast charge transfer improving the rate
performance and causes less volume changes during de-/lithiation
leading to an improved cycling stability on the other. Besides the
above factors, also the carbon in V,03/C has a beneficial impact
on the electrochemical properties. It improves the electronic con-
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ductivity and structural stability of the electrode material by pro-
viding a conductive backbone, which enhances the charge transfer,
buffers the large volume changes during de-/lithiation, and hinders
the self-aggregation of V,03 nanostructures. This results in a high
rate capacity and good cycling stability.

4. Conclusion

In summary, we demonstrate a facile hydrothermal thermolysis
synthesis route to produce hierarchically structured porous V,03/C
microspheres. In this synthesis method, vanadyl hydroxide acts as
precursor and different carboxylic acids as both the carbon source
and reducing agents. The carbon content and specific surface area
of the resulting V,03/C nanocomposites can be controlled by vary-
ing the used carboxylic acid. In addition, the as-prepared products
possess either core-shell or solid structure depending on the used
carboxylic acid. Due to their special architecture, the V,05/C com-
posites exhibit very good electrochemical performance as anodes
for LIBs, including high capacities and excellent cycling stabilities
and rate capabilities. The high specific surface area facilitates a fast
and less destructive capacitive charge storage contributing to su-
perior electrochemical properties compared to chunk-like V,05/C.
Moreover, the carbon as conductive framework can effectively en-
hance the materials conductivity as well as the structural stability
of the electrode material.
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