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Electrodeposition is a simple and effective method for the synthesis of disordered hydrated vanadium
pentoxide (V,0s5-nH,0). For the synthesis of energy storage electrodes with high power performance,
electrodeposition of hydrated V,Os inside carbon micropores is particularly attractive to synergize
electric-double layer formation and lithium ion intercalation. Here, we demonstrate that hydrated V,0Os5
can be effectively electrodeposited in carbon micropores of activated carbon cloth. Our study indicates
that carbon pores larger than 1 nm are essential for the effective decoration with hydrated V,0s. A
thermal treatment after the electrodeposition is often used to enhance the crystal structure of hydrated

V,0s. However, thermal annealing of the hydrated vanadium pentoxide decorated activated carbon cloth
Received 17th November 2017 d _rich . t at high t t (>330 °C) leads t ianificant | ¢
Accepted 10th January 2018 under an oxygen-rich environment at high temperature eads to a significant loss of pore

volume, leading to a decreased electrochemical performance. At low annealing temperature (200 °C),
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1. Introduction

Electrochemical energy storage systems such as secondary
batteries and supercapacitors have been intensively and broadly
investigated in the context of efficient energy management.'”
Supercapacitors exhibit high power performance (>10 kW kg™ ")
with stable cycle performance (>10 000 cycles) but limited
energy storage capacities (<30 W h kg™ '); batteries provide
significantly higher energy storage capacity (100-300 W h kg™ )
but a much shorter cycling life compared to supercapacitors.**
The performance of supercapacitors and batteries has been
improved by use of novel materials and system architectures.* A
particularly attractive approach to combine the benefits of both
technologies is the use of hybrid materials and hybrid devices.
This can be accomplished by applying different charge storage
mechanisms of cathodes and anodes (hybrid devices) or intro-
ducing more than one charge storage mechanism into one
electrode by use of hybrid materials.>®
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capacity of 137 mA h g~ with stable cycle performance over 1600 cycles at a rate of 4C.

Hybrid electrode materials capitalize on the combination of
electric double-layer formation in nanoporous carbon and
faradaic charge storage via charge transfer through reversible
redox couples.”” Faradaic charge storage may utilize (i) redox-
active electrolytes such as vanadium sulfate,® potassium ferri-
cyanide,’® and iodide systems,”* (ii) conducting polymers such
as polyaniline,** (iii) metal oxides such as MnO,, RuO,, and
V,05,"* or (iv) redox-active surface functionalities such as
quinone-decorated carbonaceous materials.”® Faradaic redox
reactions may exhibit clear redox peaks (ie., battery-like
behavior) or perform like a capacitor (also known as pseudo-
capacitance) which is characterized by the linear relationship
between the accumulated charge and the electric potential of
the electrode.'*'> Metal oxides like RuO, and MnO, are known
as intrinsic pseudocapacitive materials since their capacitive
features are independent of the particle size and morphology; in
contrast, intercalation materials like V,05 can be extrinsic
pseudocapacitive by the design of their crystallite size and
morphology.*>*#

Due to the versatile design of the crystallite size,
morphology, and phase as well as high theoretical specific
charge storage capacity (up to 441 mA h g~ ' when operating in
the voltage window of 1.5-4 V, over 1500 F g~ '), and the rela-
tively high natural abundance of vanadium on Earth, vanadium
pentoxide has become very attractive for electrochemical energy
storage applications.'*>***! In the case of lithium ion battery
cathodes, bulk V,05 shows several application limitations such
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as a poor cycle life time, low lithium diffusion kinetics, and high
electric resistance.?>* To overcome these limitations, various
nano-engineered vanadium pentoxide materials have been
developed such as nanotubes,”® nanowires,> nanofibers,*
nanobelts,*® nanorods,” microspheres,*® or hollow spheres.”
The most commonly used methods for vanadium pentoxide
synthesis are the hydrothermal/solvothermal routes,* electro-
spinning,* sol-gel processes,* polyol processes,** electrodepo-
sition,**** chemical vapor deposition,**** electrochemical
activation,® and atomic layer deposition.** Among them, elec-
trodeposition is particularly attractive due to its simplicity and
flexibility, cost-effectiveness, and fast production rate.***”-*° In
most cases of electrodeposited V,05 for lithium ion batteries,
flat substrates have been applied such as platinum,*’ indium tin
oxide,***® polydopamine,** and polyaniline;** in addition, some
studies have utilized structured substrates like carbon cloth®
and aluminum microrods.*”

For higher power performance and stability, carbon mate-
rials such as carbon nanotubes,*® graphene,** and onion-like
carbons*® were used as conductive additives to nano-
structured vanadium pentoxide electrodes. Recently, a new
strategy has emerged by synthesizing a hybrid electrode for
both double-layer formation and lithium ion intercalation.*®
Yamada et al. reported lithium ion battery cathodes made
from nanoporous V,0Os/carbon composites by iterative V,05
decoration via immersion of porous carbon in hydrosol with
a maximum specific capacity of 107 mA h g~ * and a high rate
performance up to 5 A g~ . Similar studies can also be found
for supercapacitor applications: Ghosh et al. reported elec-
trodeposited V,05 on porous carbon nanofiber paper in 1 M
KCl obtaining a maximum capacitance of 214 F g '
(59 mA h g '),¥ and Wang et al. achieved 358 F g '
(80 mA h g™') in 2 M NaNOj; with a ternary composite of V,05/
carbon nanotube/activated carbon obtained from hydro-
thermal synthesis.*® A key challenge of such porous carbon/
V,0s hybrid electrodes is to overcome a low specific capacity;
therefore, consistent and systematic studies are necessary to
investigate the influence of the carbon pore structure and
further optimization possibilities, for instance, implementa-
tion of a thermal annealing process. Particularly, activated
carbon cloth (ACC) is an attractive candidate for the electro-
deposition of vanadium pentoxide due to its binder-free
feature and the simplicity for the electrode fabrication.

In this work, we electrodeposited hydrated vanadium pent-
oxide on activated carbon cloth with different activation
degrees. The pore structure of the ACC electrodes will be pre-
sented in terms of the degree of activation before and after the
electrodeposition process. The as-electrodeposited vanadium
pentoxide is thoroughly investigated via X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), and Raman spec-
troscopy. The influence of the pore structure of the ACC elec-
trodes will also be discussed in terms of electrochemical
performances in a lithium battery half-cell as a cathode with
1 M LiClO, in ethylene carbonate/dimethyl carbonate (1 : 1).
Finally, we present the effects of annealing temperature on the
electrochemical performance along with the porosity, the
chemical composition, and the phase structure.
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2. Experimental
2.1. Materials

We used microporous carbon cloth electrodes from Kynol which
are refer red to as ACC-15 and ACC-20 as received (corresponding
to the trademark names Kynol-507-15 and Kynol-507-20, respec-
tively). More information about these electrode materials can be
found in our previous work in ref. 49. ACC-20 was activated in
flowing CO, at 950 °C for 1 h with a gas flow rate of 200
cm® min~" and labeled ACC-20". The physical activation process
was carried out in a quartz tube furnace, where the inlet CO, gas
was passed through a waterfilled flask before entering the
furnace. The heating/cooling rate was 10 °C min . For the free-
standing carbon film electrodes, type YP-80F activated carbon
(AC) powder (Kuraray) was used with the aid of polytetrafluoro-
ethylene (PTFE, Sigma-Aldrich) as a binder by following the
procedure described in ref. 50. The final electrode material to
binder mass ratio of the free-standing carbon film electrode was
95 : 5. The thickness of the PTFE-bound activated carbon (AC)
electrode was measured to be 600 = 50 um. For the electrolyte,
LiClO, (battery grade, Sigma Aldrich) was dissolved in a 50 : 50
mixture of ethylene carbonate and dimethyl carbonate (EC/DMC;
battery grade, BASF) while VOSO, (97% purity, Sigma Aldrich)
was mixed with deionized water. The pH value of the VOSO,
solution was adjusted by adding 10 M KOH solution.

2.2. Electrodeposition of vanadium oxides

Prior to electrodeposition, discs of porous carbon cloth with
a diameter of 22 mm were soaked in 3 M VOSO, solution (pH
value of 1.8) for two days for wetting. Afterwards, the ACC
working electrode (for electrodeposition) was assembled in
a cell (ESI, Fig. S2t) with a double-stack of oversized AC elec-
trodes (600 um each) while keeping the mass ratio of working
and counter electrodes at 1 : 7. As a separator, a double-stack of
GF/A (Whatman) serves as an electrolyte reservoir while an
additional Omnipore (Millipore, dry thickness 25 um) separator
was placed next to the working electrode. An Ag/AgCl reference
electrode was mounted close to the counter electrode. The cell
design used for the electrodeposition can be found in ref. 6 and
9. The electrodeposition was carried out via a VMP300
potentiostat/galvanostat (Bio-Logic) by applying ten galvano-
static cycles at a constant charging current (20 mA cm ™ ?) at
a cell voltage of 1.4 V with a subsequent resting time of 10 min
while no discharging current was applied. After the tenth cycle,
the cell was disassembled as the cell was charged at 1.4 V.
Afterwards, the working electrode was collected and rinsed for
three days to remove residual solute. Finally, the electrode was
dried in a vacuum oven at 60 °C for three days. To understand
the electrodeposition process, we used cyclic voltammetry with
the same cell configuration as mentioned before. The potential
of the working electrode (ACC) is scanned from 0 to 1 V vs. Ag/
AgCl at a sweeping rate of 10 mV s~ .

2.3. Material characterization

For surface analysis of all carbon electrodes, nitrogen gas
sorption analysis (GSA) with a Quantachrome Autosorb iQ

This journal is © The Royal Society of Chemistry 2018
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system was carried out. Before measurement, the electrodes
were degassed at 150 °C for ca. 20 h at a relative pressure of 0.1
Pa. Liquid nitrogen at —196 °C was employed as the experi-
mental gas with relative pressure from 1 x 107° to 1.0 in 56
steps. The specific surface area (SSA) of the activated carbon
(AC) and activated carbon cloth (ACC) electrodes was calculated
both (i) by applying quenched-solid density functional theory
(QSDFT) with a slit pore model®* and (ii) by use of the Brunauer-
Emmett-Teller (BET) equation in the linear regime of the
measured isotherms via ASiQwin-software 3.0.°>>3

The morphology of the carbon electrodes was examined by
using a JEOL JSM 7500F field emission scanning microscope
(FE-SEM) at an acceleration voltage of 3 kV. The chemical
composition of the carbon electrodes was determined by energy
dispersive X-ray spectroscopy (EDX) with an X-Max-150 detector
(Oxford Instruments) attached to the SEM chamber. The spectra
of ten spots were measured using an accelerating voltage range
of 12 kv and averaged. High resolution electron transmission
microscopy (TEM) and selected area electron diffraction (SAED)
were performed using a JEOL JEM-2100F system, operating at
200 kV in a vacuum. The ground samples were dispersed and
sonicated in ethanol for 1 min and drop casted on a carbon
coated copper grid. For EDX mapping, a Thermo Scientific
MC100021 detector attached to the TEM chamber was used, at
200 kV and an acquisition time of 10 min.

Small pieces of specimens were mounted on carbon tape and
were investigated using an FEI-Dualbeam Versa 3D (FEI),
equipped with a secondary electron detector, Everhard-
Thornley-detector, an energy dispersive X-ray detector, and
a gallium ion source. Single carbon fiber was sectioned verti-
cally by the gallium ion source by stepwise decreasing the
milling current from 15 nA to 100 pA to obtain a polished
surface of the cross section. Prior to ion milling, a 30 nm thick
Pt layer was deposited on the activated carbon fiber to avoid
damage under the Ga ion beam. After obtaining a polished
section, the sample stage was rotated to 45° to expose the
sectioned area to the EDX detector. In the next step, energy
dispersive X-ray (EDX) mapping of the sectioned surface of
vanadium oxide coated activated carbon fibers was carried out
with an Apollo XF detector and a DPP 4 analyzer at an acceler-
ating voltage of 10 keV using EDAX Genesis software.

Raman spectroscopy was carried out with a Renishaw inVia
Raman Microscope applying an Nd:YAG laser (532 nm). A
grating of 2400 lines per mm, yielding a spectral resolution of
approximately 1.2 cm ™", was used. The spot size on the sample
was 1.2 um with a numerical aperture of 0.9. Spectra were
recorded for various carbon electrodes with an acquisition time
of 30 s and ten accumulations.

X-ray diffraction (XRD) experiments were conducted using
a D8 Advance (Bruker AXS) diffractometer with a copper X-ray
source (Cu-Ke, 40 kv, 40 mA) and a nickel filter. All measure-
ments were measured between 10 and 80° 26 in a step size of
0.02° at a measurement time of 1 s per step. The samples were
placed on a single sapphire crystal for the measurement. The
diffractograms are corrected by the background removal func-
tion from DIFFRAC.EVA software (V4.2); the curvature and
threshold parameters are set to 0.010 and 0.718, respectively.

This journal is © The Royal Society of Chemistry 2018
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X-ray photoelectron spectroscopy (XPS, K-ALPHA; Thermo
Instruments Inc.) was used to determine the composition and
chemical state of the samples. The XPS data were analyzed by
XPS-Peak 4.1 program® for the background subtraction (Shirley
function) and the peak fitting with mixed Lorentzian-Gaussian
curves (detailed peak fitting parameters in Table S1, ESIt). The
atomic V°*/V*" ratio is estimated based on the ratio of the fitted
peak areas.

Thermogravimetric analysis (TGA) was carried out with a TG
209 F1 Libra system (Netzsch) in oxygen containing synthetic air
(80% N,, 20% O,). The temperature was increased from 30 °C to
650 °C at a rate of 5 °C min™ .

For the electrochemical characterization, a VMP300
potentiostat/galvanostat (Bio-Logic) was used while the cells
were stored at 25 = 1 °C in a climate-controlled chamber. For
the half-cell experiments, an oversized AC electrode (600 pm
thickness, 12 mm diameter) was used as a counter electrode
while the reference electrode was mounted on the side of the
cell having close contact to both working and counter elec-
trodes; the scheme of the cell design can be found else-
where.”>*® In the case of aqueous solution, an Ag/AgCl reference
(Bioanalytical Systems), GF/A glass fiber filter (Whatman), and
platinum current collector were used. In the case of organic
solution (1 M LiClO, in EC/DMC with a 5 : 5 ratio), a piece of
lithium metal serves as a reference electrode while carbon-
coated aluminum foils (Zflo 2653, Exopack Technologies) and
a GF/D glass fiber filter (Whatman) were applied as the current
collector and separator, respectively. The aqueous electrolyte
was injected by syringe vacuum backfilling after the cell
assembly while the organic electrolyte was injected in an argon
filled glovebox (MBraun Labmaster 130, O, and H,O < 1 ppm)
after drying the cell in a vacuum oven at 120 °C overnight. For
the normalization of specific capacity, the total mass of the
working electrode was considered. The C-rate was calculated by
dividing the applied current by the measured maximum

capacity.

3. Results and discussion

3.1. Electrodeposition of vanadium oxide on a porous
carbon electrode

The binder-free continuous fiber network of the activated
carbon cloth (as exemplified for ACC-15, Fig. 1a, inset) is an
advantage for the electrodeposition process due to its low
electric resistance compared to the PTFE-bound AC electrode
(Table S1 in the ESIt).* The activated carbon cloth (ACC) serves
as a highly conductive substrate for the electrodeposition of
vanadium oxides. Furthermore, the large total pore volume
(>0.5 cm® g, Table 1) of the ACC electrodes can provide a high
surface area for the deposition of vanadium oxides while the
narrow pore width can confine the size of vanadium oxides to
the nanoscale which shortens the diffusion length for lithium
ion intercalation.”” According to the nitrogen sorption analysis
(Fig. 1a), ACC electrodes show clear plateaus over knee points in
the pore size distribution (Fig. 1b). As the CO, activation degree
increases from ACC-15 to ACC-20", the knee point shifts toward
larger pore widths and the total pore volume increases. The

Sustainable Energy Fuels, 2018, 2, 577-588 | 579
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Fig. 1 (a) Isotherms of the ACC electrodes obtained from nitrogen gas sorption analysis. The inset shows scanning electron micrographs of the
ACC-15 electrode. (b) Cumulative pore size distribution of the ACC electrodes. (c) Cyclic voltammogram of the ACC-20" electrode in 3 M VOSO,
aqueous solution (pH = 1.8). (d) Galvanostatic charge cycles at 20 mA cm™2 with a resting time of 10 min between cycles for electrodeposition of

vanadium oxide.

Table1 Specific surface area and total pore volume of various carbon
electrodes as calculated either by density functional theory or by using
the BET equation as well as average pore size from nitrogen sorption
analysis

Average Total pore
SSA DFT SSA BET pore volume
Sample (m>g™ (m*g™) size (nm) (em®g™)
ACC-15 1450 1338 0.67 0.50
ACC-20 1940 2209 0.96 0.89
ACC-20" 2067 2571 1.16 1.10

volume-weighted average pore sizes (dso,) of ACC-15, ACC-20,
and ACC-20" are 0.67 nm, 0.96 nm, and 1.16 nm, respectively.

The electrodeposition of vanadium oxide can be summa-
rized in the following two equations:*

2VO**(aq) + 3H,0 — V,0s(s) + 6H" + 2¢~ (1)
VO?*(aq) + H,O < VO, (aq) + 2H" + ¢~ (2)

Eqn (2) is reversible, while the irreversible oxidation via eqn
(1) occurs with a narrow pH window around 1.8 at around +0.6 V

580 | Sustainable Energy Fuels, 2018, 2, 577-588

vs. Ag/AgCl.*>* The cyclic voltammogram of ACC-20" (Fig. 1c)
shows the reduction peak at +0.55 V vs. Ag/AgCl which can be
identified by the redox activity via eqn (2). The sharp current
increase at the potential around +1.0 V vs. Ag/AgCl correlates
with oxygen evolution, which can be observed from other ACC
electrodes (ESI, Fig. S1at).

Since the vanadium precipitation employs VO," following
the redox reaction given in eqn (1),>”*° we applied galvanostatic
charging without introducing a separate discharging period;
instead, only a resting time of 10 min was applied between the
charging cycles (Fig. 1d). As the cell potential was increased to
1.4V, the potential of the working electrode increased to +0.85 V
vs. Ag/AgCl while the working electrode potential decreases to
0.74 V vs. Ag/AgCl during the resting period (ESI, Fig. S1b¥). The
reproducible potential fluctuation of the working electrode in
the range from +0.74 V to +0.85 V vs. Ag/AgCl assures that the
working electrode potential was controlled even in a full cell
configuration. This cell configuration allows the electrodeposi-
tion without the reference electrode, which can be easily
degraded via cross contamination between the testing electro-
Iyte and the electrolyte in the reference electrode.*

The strong decrease of the charging capacity between the
first and the second cycle indicates the irreversible vanadium
oxide formation (Fig. 1d) indicating the transition to vanadium

This journal is © The Royal Society of Chemistry 2018
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pentoxide. With an increased cycle number, the irreversibility
decreased continuously while the stagnation of the irrevers-
ibility can be seen in the tenth cycle as indicated by stabilized
charging capacity over the ten cycles. The potential drop during
the resting period (as seen from the vertical line in the graph) is
most probably due to the diffusion of VO," ions.*® Similar
electrochemical behavior was observed for the other porous
carbon electrodes as can be seen in ESI, Fig. Sic and d.f For
further material characterization after the electrodeposition,
the ACC electrodes were labeled ACC-15-VO,,, ACC-20-VO,, and
ACC-20"-VO, to indicate that the vanadium oxides are intro-
duced into the pristine ACC-15, ACC-20, and ACC-20" elec-
trodes, respectively.

3.2. Morphology and chemical composition

After electrodeposition, a partly coated surface on ACC-15-VO,
can be seen in the scanning electron micrographs provided in
Fig. 2a. In contrast to pristine ACC-15, a rough surface of
vanadium pentoxide on ACC-15-VO, is observed which can be
confirmed by the high vanadium and oxygen contents
measured by EDX (Table 2). The surface morphology of ACC-15-
VO, shows wrinkled features and thin layers of small crystalline

100 pum
| ——

Fig. 2 (a—c) Scanning electron micrographs of the ACC electrodes
after the electrodeposition process.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Chemical composition of the porous carbon electrodes after
electrodeposition as determined by EDX

Sample C (mass%) O (mass%) V (mass%) F (mass%)
ACC-15-VO, 62.6 + 6.5 23.0 £ 1.8 14.4 + 4.9 —
ACC-20-VO, 78.8 + 3.3 15.0 £ 2.8 5.9 + 1.2 —
ACC-20"-VO, 74.3 + 6.2 14.2 + 2.8 11.5 £ 4.3 —

vanadium oxides on the carbon fibers (ESI, Fig. S3at). The
crystalline domains cover the carbon phase as observed by TEM
analysis (Fig. 3a). The SAED pattern (Fig. 3a, inset) of ACC-15-
VO, exhibits diffuse rings and bright spots which are indicative
of amorphous and crystalline features of the electrodeposited
vanadium oxide, respectively. As the statistical approach for the
SAED patterns indicates (Fig. S3dt), ACC-15-VO, exhibits both
crystalline and amorphous vanadium oxide domains. The
crystalline feature observed from ACC-15-VO, originates from
the vanadium oxides deposited on the surface of the carbon
fiber (Fig. S3a,t inset) while amorphous vanadium oxide was
deposited in the carbon micropores inside the carbon fiber. In
contrast, TEM images of ACC-20"-VO, show fewer crystalline
domains and mainly amorphous carbon on the fiber surface as
evidenced by the SAED pattern (Fig. 3b, inset) and XRD results
(ESL, Fig. S4a and bt). After electrodeposition, ACC-20-VO, and
ACC-20"-VO, exhibit mostly a smooth morphology on the fiber
with the visible size of the pore entrance (Fig. 2, 3b and c, ESIT).
Yet, the EDX results from ACC-20-VO, and ACC-20"-VO, indicate
that the samples still contain a high amount of vanadium oxide
(Table 2). Based on the TEM analysis, the lower presence of
crystalline domains in ACC-20'-VO, than that in ACC-15-VO,
suggests that vanadium oxide is mainly located in nano-
domains inside the micro- and small mesopores, possibly
with an amorphous structure. All samples show a comparable
amount of oxygen of 1.6-2.5 mass%, as was shown in our
previous work (ref. 49). Therefore, the domain size growth
seems to be limited mostly by the carbon pore size.>®

The FIB-EDX results (Fig. 3c) show that the vanadium oxide
is successfully deposited within the carbon fiber. In Fig. 3, only
the results from ACC-20'-VO, are presented while the other
carbon fiber samples showed similar results. To the best of our
knowledge, no studies have reported the decoration of vana-
dium oxide inside carbon nanopores so far. Furthermore, as the
GSA results reveal (Fig. 3d), the reduced pore volume compared
to the isotherms before the electrodeposition process (Fig. 1a)
indicates that vanadium oxide is successfully deposited on the
samples. Yet, the obtained isotherms exhibit the characteristics
of a large portion of microporosity at a small relative pressure.
Therefore, a large fraction of micropores and mesopores is
preserved while vanadium oxides mostly present inside the
carbon fibers instead of being on the outer surface.

The Raman spectra (Fig. 4a) show that the ACC electrodes
after the electrodeposition exhibit characteristic Raman shifts
for vanadium oxides in the range from 100 to 1100 cm . The
characteristic carbon D-mode (around 1342 cm™ ') and G-mode
(around 1605 cm ™ ') are also observed in the initial (uncoated)
electrode. All ACC electrodes after electrodeposition show
characteristic peaks for disordered vanadium pentoxides.*>*

Sustainable Energy Fuels, 2018, 2, 577-588 | 581
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Fig. 3 Transmission electron micrographs of (a) ACC-15-VO, and (b) ACC-20-VO, electrodes. (c) Energy dispersive X-ray spectrographs of
a single fiber of the ACC-20*-VO, electrode. A single fiber was sectioned by a focused ion beam, and elemental mappings were recorded via EDX
of the cross section. (d) Isotherms of the electrodeposited ACC electrodes obtained from nitrogen gas sorption analysis.

The Raman peak at a high frequency around 1017 cm ™" (Fig. 4b)
is representative of the terminal oxygen stretching mode (V=0)
as also supported by the observation of bending vibrations at
412 cm™ ' and 264 cm ™ '.°>°2 The peak at 706 cm ™" corresponds
to the double coordinated oxygen stretching mode (V,-0).3¢:¢%¢2
The peak at 680 cm ™' indicates a V,~O stretching mode in
a disordered V-O-V framework which further supports the
disordered feature of the electrodeposited vanadium oxides.
The peak at 512 cm ™" indicates the stretching mode of the triply
coordinated oxygen (V3;-O) which only appears in the chemical
structure of vanadium pentoxide.*-*>

The presence of vanadium pentoxide is further confirmed by
X-ray photoelectron spectra (Fig. 4c) exhibiting sharp peaks at
517.1 eV which can be assigned to the V 2p;/, binding energy of
the V>* oxidation state. The spectrum shows the presence of V**
(V>*/V*" ratio of ca. 1.8), which possibly originates from the
hydrated form of vanadium pentoxide; see also ESI, Fig. S4c.1%
Further evidence of the hydrated vanadium pentoxide was
found by TGA (Fig. 4d). The rapid mass loss up to 100 °C
corresponds to the removal of weakly bound (surface) water
while the moderate mass loss from 100 °C to 200 °C corre-
sponds to the removal of remaining crystal water.**%

3.3. Electrochemical performance

Redox peaks of vanadium pentoxide are observed at +3.4 V,
+3.2 V, and +2.4 V vs. Li/Li* for the phase transition of a-¢, £-3,
and 3-v, respectively, via the following equations:**®*%*

582 | Sustainable Energy Fuels, 2018, 2, 577-588

8-Li0'5V205 « (Z-V205 + 0.5Li + 0.5¢~ (3)
B-LiVZOs > 8-Li0'5V205 + 0.5Li + 0.5¢~ (4)
Y-Li2V205 «> 5-LiV205 +Li+e (5)

Redox peaks at +2.95 V and +2.55 V vs. Li/Li* have been re-
ported for hydrated vanadium pentoxide aerogels, which also
show a pronounced pseudocapacitive behavior (i.e., capacitor-
like current response) in the potential range of 2.9-
3.5 V. 2064656970 Ag shown in 1 M LiClO, EC/DMC organic solu-
tion in the cyclic voltammograms for vanadium pentoxide
deposited ACC electrodes (Fig. 5a), the specific current response
of the ACC-15-VO, electrode shows two pairs of redox peaks at
+2.6 Vand +2.9 Vvs. Li/Li" as well as a large anodic and cathodic
current distribution in the potential range from 3 V to 4 V
without showing distinct peaks. The cyclic voltammogram of
ACC-15-VO, is consistent with previous studies*®»**®>%>7° and
aligns with an amorphous character of vanadium pentoxide or
the presence of the hydrated structure V,05-nH,O.

When the specific current of the ACC-15-VO, electrode is
compared to the reference sample (ACC-20 electrode), we see
that the contribution of electric double-layer capacitance
(EDLC; ca. 100 mA g~ ' throughout the potential range) is greatly
reduced after electrodeposition while the clear redox peaks
arise with a low current response (<100 mA g~ '). Considering
the narrow average pore size of 0.67 nm of the ACC-15 material

This journal is © The Royal Society of Chemistry 2018
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the electrodeposition of vanadium pentoxide as well as after annealing at 330 °C for 1 h.

(Fig. 1b), it seems that the ion electrosorption is hindered after
the electrodeposition process. In contrast to the electro-
deposited ACC-15 electrode, the electrodeposited ACC-20 (ACC-
20-VO,) and ACC-20" (ACC-20"-VO,) exhibit a higher current
response (>100 mA g~ ') while the broad peaks possibly origi-
nate from the redox reactions of hydrated vanadium pentoxide
at +2.6 V and +2.9 V vs. Li/Li". The contribution of electric
double-layer formation in the micropores of ACC-20-VO, and
ACC-20"-VO, possibly causes diffuse redox peaks in the cyclic
voltammograms.

The specific capacities (Fig. 5c) of the different electrodes
were quantified by galvanostatic charge/discharge cycling
with potential limitation (Fig. 5b) and normalized to the total
mass of the electrode. The highest capacity of 109 mAh g™ (at
50 mA g~ ', Table 3) was obtained from ACC-20"-VO, which
also corresponds to the highest current response observed
from the cyclic voltammetry (Fig. 5a). The maximum specific
capacity of ACC-15-VO, and ACC-20-VO, was 20 mA h ¢~ ' and
88 mA h g™, respectively. The galvanostatic charge/discharge
profile (Fig. 4b) of ACC-20"-VO, shows that the system is
operating in a capacitor-like (pseudocapacitive) manner. The
overall energy storage mechanism is most probably the
combination of electric double-layer formation in the carbon
nanopores and lithium intercalation to amorphous vanadium
pentoxide. There remains a high charge storage contribution
of electric double-layer formation when considering a large
carbon content (72 mass% determined from TGA analysis,
Table 3).

This journal is © The Royal Society of Chemistry 2018

Given that the amount of vanadium pentoxide in ACC-15-
VO,, ACC-20-VO,, and ACC-20"-VO, is 17 mass%, 13 mass%,
and 28 mass%, respectively, the capacity of each electrode can
be estimated by assuming the theoretical capacity of V,05 of
294 mA h g™ for the potential window from 2 V to 4 V vs. Li/Li".
For instance, the capacity of ACC-15-VO, can be estimated by
considering the contribution of the electric double-layer
capacity of 57 mA g~ ' (measured value from ACC-15, Table 3)
for the carbon content of 83 mass% and the contribution of
lithium intercalation (theoretical capacity of 294 mA h g™ ) for
the vanadium pentoxide content of 17 mass%. The estimated
value is about 97 + 12 mA g~ with a measurement error of ca.
5%. As seen in Table 3, the estimated value for ACC-15-VO, is
much higher than the measured value of 20 mA h g~'. This
further supports that the deposition of V,Os in the carbon
micropores hinders the effective electrodeposition process.
Furthermore, the difference between the estimated and the
measured value also indicates that the deposited vanadium
oxides in the carbon fiber could not be effectively used for
lithium intercalation since the measured value of 20 mAh g™ ' is
significantly below the specific capacity of 17 mass% of vana-
dium oxide (ca. 50 mA g~ ). In the case of ACC-20-VO, and ACC-
20"-VO,, the estimated and the measured specific capacitance
are almost identical. These results indicate that the electro-
deposited ACC-20-VO,. and ACC-20"-VO, avoid detrimental pore
blocking and allow a hybrid charge storage mechanism via
electric double-layer formation in the carbon nanopores and
concurrent lithium intercalation to vanadium pentoxide.

Sustainable Energy Fuels, 2018, 2, 577-588 | 583
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The best power handling performance among the electro-
deposited ACC electrodes was observed for ACC-20"-VO,. At
a high specific current of 1 A g~', ACC-20"-VO, exhibits about
52 mA h ¢~ which is even higher than that of the pure porous
carbon electrode (41 mA h g™, the ACC-20 electrode without
electrodeposition). The high power handling performance of
the ACC-20"-VO, electrode reflects fast ion adsorption/
desorption (electric double-layer formation) in the carbon
micropores,”* and a short diffusion length for the lithium ion
intercalation. According to the FIB-EDX and GSA analysis of
ACC-20"-VO, (Fig. 3C), hydrated vanadium pentoxide is believed

to be deposited inside the carbon micropores while still
preserving a large microporosity. Therefore, the size of the
hydrated vanadium pentoxide domains will be below 2 nm. As
the diffusion length for the lithium intercalation is in the range
of a few nanometers, the power handling performance can be
greatly enhanced.**>*”

The cycling stability of ACC-20"-VO, (Fig. 5d) was tested at
a rate of 4C (equal to 0.4 A g~ ') and 10C (equal to 1.1 A g~ ') via
galvanostatic cycling in the potential range from 2 Vto 4 Vvs. Li.
At a rate of 4C, the capacity retention of the ACC-20"-VO, elec-
trode was about 89% after 1600 cycles while a capacity retention

Table 3 Specific capacity of the pristine ACC before and after electrodeposition and the mass contents of carbon and vanadium pentoxide

determined by TGA analysis

EDLC capacity®

Measured capacity Estimated capacity

Sample C (mass%) VO, (mass%) (mAhg™) (mAhg™ (mAhg™)
ACC-15-VO, 83 17 57 20 97 £ 12
ACC-20-VO, 86 14 59 88 92 £+ 12
ACC-20"-VO, 72 28 64 109 129 + 12

“ The EDLC capacities are the measured values from ACC15, ACC20, and ACC20" electrodes.
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of about 76% was observed even at 10 C-rate after 10 000 cycles.
Compared to the reported capacity fading rate of vanadium
pentoxide with carbon additives (0.2-0.4% after 100 cycles),*
the capacity fading rate for ACC-20"-VO, is very low (<0.1%, ESI,
Fig. S6bt). This performance stability is possibly enabled by the
high carbon content in the electrode and the confined vana-
dium pentoxide structure in the carbon nanopores.

3.4. Influence of annealing temperature

According to previous studies,*****7> vanadium pentoxide with
a hydrated disordered structure can provide a higher lithium
intercalation capacity than that of orthorhombic vanadium
pentoxide because the water molecules increase the distance
between the adjacent V,05 layers. For hydrated disordered
vanadium pentoxides, thermal annealing is often applied to
reduce the level of crystal water while preserving the interlayer
spacing.**®* For further optimization, therefore, the as-
electrodeposited ACC-20"-VO, electrode was annealed at
200 °C and 330 °C for 1 h in synthetic air (100 mL min~" 20%
oxygen and 80% nitrogen) while the temperature was increased
at 10 °C per min. The characteristic peaks from Raman spectra
of the annealed and non-annealed electrodes (Fig. 6a) are
attributed to vanadium pentoxide according to the character-
istic peaks at 264 cm ™%, 512 cm ™%, 706 ecm ™%, and 1017 ecm ™.
The disappearance of the peak at 680 cm ™' after annealing at
330 °C indicates that the phase of hydrated disordered
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Fig.6 (a) Raman spectra, (b) X-ray diffractograms, and (c) cyclic voltammograms from the 1%t cycle at 1 mV s
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vanadium pentoxide is changed to the ordered state. The
emergence of broad peaks at 7.8, 40.6, and 50.7° 26 in the X-ray
diffractogram for the electrode after annealing at 200 °C
(Fig. 6b) indicates that the phase of the vanadium pentoxides
starts to convert to a more ordered phase from its initial
disordered phase. Particularly, the peak at 7.8° 26 can be
assigned to the (001) peak of hydrated vanadium pentoxide
(Fig. S4d+t).” As the annealing temperature increases to 330 °C,
distinct peaks can be identified as orthorhombic vanadium
pentoxide (PDF #41-1426).

The phase transition from the hydrated disordered state to
ordered orthorhombic can be further seen from the cyclic
voltammograms (Fig. 6¢, 1 mV s~ ). In addition to the redox
peaks observed for the hydrated disordered vanadium pent-
oxide (Fig. 5a), the electrode annealed at 330 °C exhibits the
emergence of redox peaks which can be attributed to the
ordered orthorhombic vanadium pentoxide via eqn (3)-(5).
According to the reduction peaks, the electrode after anneal-
ing at 330 °C shows hydrated disordered and ordered ortho-
rhombic features. After annealing at 200 °C, no noticeable
peaks were observed; however, the current response was
higher than that of the non-annealed electrode which leads to
a higher maximum capacity of 137 mA h g~ '. The decreased
capacity after annealing at 330 °C can originate from the
collapse of the interlayer space via the removal of water crys-
tals.**® The removal of water crystals is further supported by

PDF 41-1426
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140] —v—ACC-20*-VO,
—=—200°C 1h
o 1207 —0—330°C1h
K= V-
< 100 ™
£
- 801
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g 604
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~! and (d) specific capacities of the

non-annealed ACC-20*-VO, electrode and the annealed electrodes at 200 °C and 330 °C for 1 h.
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the low level of mass loss in the temperature regime from 30 °C
to 200 °C for the electrode annealed at 330 °C compared to the
non-annealed electrodes (Fig. 4d).

For hybrid electrodes where the charge storage combines
electric-double layer formation on microporous carbon and the
lithium intercalation into vanadium pentoxide, the integrity of
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the carbon pore structure must be critically assessed. After
annealing at 200 °C for 1 h, no structural change can be seen in
the scanning electron micrographs (Fig. 7a) as compared to that
of the non-annealed electrode (Fig. 2c). In contrast, a huge
change in the morphology is observed after annealing at 330 °C
for 1 h (Fig. 7b and c). The thickness of the fiber became
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Fig.8 (a) Cycling stability of ACC-20*-VO, before and after annealing at 200 °C for 1 h. (b) Capacity fading per cycle as a rate (y-axis) is plotted as
a function of cycle number (x-axis). The high fading rate at a low cycle number indicates that the performance degrades faster in the earlier cycles

than in the later cycles. Dashed lines were added to guide the eye.
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smaller, and the surface became significantly rough. Since
carbon readily oxidizes above 250 °C in synthetic air (Fig. 4d),
the structural change originates most probably from carbon
oxidation during annealing at 330 °C. The loss of carbon mass
further supports the carbon oxidation as evidenced by the
increased mass of the vanadium oxide after annealing at 330 °C
(Fig. 4d). Hence, the outer part of the carbon fiber seems to be
oxidized resulting in a rough surface while the inner part
maintained its fiber form (Fig. 7c). However, the oxidation of
carbon led to a significant reduction of pore volume (Fig. 7d).

As Wang et al. demonstrated,* the reduced amount of water
in the hydrated vanadium pentoxide plays a crucial role in cycle
life time. An annealing temperature of 250 °C leads to the
highest cycling stability by reducing the amount of crystal water
while keeping the disordered crystal structure of vanadium
pentoxide. During galvanostatic charge-discharge cycling
(GCPL mode) at 4C from 4 V to 2 V vs. Li/Li*, the electrode
annealed at 200 °C exhibits a very high stability (Fig. 8a) with
a negligible capacity fading rate over 1600 cycles (<0.01% per
cycle, Fig. 8b). Most probably, the stable performance originates
from the reduced amount of water in the electrode while
preserving the disordered structure (Fig. 6a—c) after annealing
at 200 °C.

4. Conclusions

In summary, hydrated disordered vanadium pentoxide was
successfully electrodeposited in micropores of activated carbon
cloth electrodes with various pore structures. We found that
larger carbon pores (>1 nm) are essential for the effective
deposition of vanadium pentoxide in the micropores. Activated
carbon cloth only with pores <1 nm is not suitable since the
deposition of vanadium pentoxide in the narrow nanopores
significantly reduces the active surface area for the electric
double-layer formation and hinders the effective lithium diffu-
sion into the fiber core. Through annealing the electrodeposited
activated carbon cloth with broad micropores (ACC-20"-VO,) at
200 °C for 1 h, a highest energy storage capacity of 137 mAhg™*
was achieved. Our study demonstrates that hydrated disordered
vanadium pentoxide can be effectively electrodeposited in
carbon micropores with sizes >1 nm for hybrid energy storage
via electric double-layer formation and lithium intercalation.
Further performance improvement can be obtained via thermal
annealing, but the latter must be limited to around 200 °C to
prevent carbon oxidization and loss of pore volume.
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