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With the fully exposed graphene edges, high conductivity and large surface area, edge oriented graphene foam
(EOGF), prepared by deposition of perpendicular graphene network encircling the struts of Ni foam, is a su-
perior scaffold to support active materials for electrochemical applications. With VO, as an example, EOGF
loaded VO, nanoparticle (VO,/EOGF) electrode has high rate performance as cathode in lithium ion batteries
(LIBs). In addition to the Li" intercalation into the lattice, contribution of non-diffusion-limited pseudocapac-
itance to the capacity is prominent at high rates. VO,/EOGF based supercapacitor also exhibits fast response,
with a characteristic frequency of 15 Hz when the phase angle reaches —45°, or a relaxation time constant of
66.7ms. These results suggest the promising potential of EOGF as a scaffold in supporting active nanomate-
rials for electrochemical energy storage and other applications.

©2017.

1. Introduction

Transition metal oxides are commonly used as the electrochemical
active materials for supercapacitors and lithium-ion batteries. How-
ever, several challenges, particularly their poor electronic and ionic
conductivities and typically small specific surface area prohibit their
direct application in high-performance energy storage devices. An-
choring metal oxide nanoparticles (NPs) on graphene nanosheets to
form composites, leveraging the high conductivity of graphene and
its large surface area and simultaneously preventing oxide NPs ag-
glomeration, has been extensively explored in recent years [1-10].
Graphene (or thin-graphite) foam (GF) prepared by chemical vapor
deposition (CVD) of multilayer graphene on a nickel foam, has at-
tracted huge interests [11], due to its potentials to tackle overcome
several issues related to the discrete chemically-derived tiny graphene
nanosheets, such as their limited conductivity, large inter-sheet re-
sistance, and restacking of sheets. Such GF is a continuous conduc-
tive framework that has well-connected graphene layers and can be
applied as a free-standing electrode without extra current collector.
Therefore, it is not surprising that using GF as the framework to sup-
port active oxides to construct nanostructured electrodes, supercapac-
itors and lithium ion batteries (LIBs) can achieve high performance,
especially high charge-discharge rate and high power performances
[12—15]. This is because such a nanostructured electrode can mini-
mize ion diffusion length, increase the interface between electrolyte
and electrode, and provide rapid electron conducting paths and robust
mechanical support, in addition to others.
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However, these previously reported GFs have a very limited sur-
face area since graphene layers are conformably (or laterally) de-
posited on the nickel foam template, which itself has a very small
surface area. Therefore, a thick active mass coating or orthogo-
nally-grown nanorod/nanowire structure [14,15] must be applied on
the struts of lateral GF. It has no doubt that this thick active layer limits
the device kinetic performance. Furthermore, graphene edges, chem-
ically-active “hot” spots for oxides nucleation and growth, are buried
in the lateral layers, and therefore are not easily accessible.

Vertically oriented graphene (VOG), synthesized by plasma en-
hanced CVD (PECVD) on a flat substrate, has well opened porous
structure, high conductivity, large surface area, and fully-exposed
graphene edges. VOG has diverse applications [16,17], including
high-frequency electric double layer capacitor (EDLC) [18-20], LIBs
[21,22] and lithium sulfur batteries [23]. To tackle the problems of lat-
eral GF, VOG structure grown around a 3D Ni foam substrate with
the perpendicular graphene sheets encircling the underlying Ni strut,
or the so-called perpendicular edge oriented graphene foam (EOGF)
is promising [24]. In EOGF, graphene sheets first grow laterally along
Ni strut surface and then bend to the perpendicular orientation, thus
with a much larger surface area than the lateral GF and with graphene
edges fully exposed. When it was used for EDLC, kilohertz rate per-
formance was demonstrated [25]. In this work, EOGF loaded with ac-
tive materials is demonstrated to be a promising free-standing elec-
trode for LIBs and supercapacitors. In the field of metal oxide ac-
tive materials, vanadium oxides including VO, and V,0s, have been
widely studied for LIBs and supercapacitors due to their abundance
in nature, low cost and a reasonable large capacity [26-29]. Herein,
VO, NPs anchored on EOGF was studied as electrodes for high-rate
pseudocapacitors and LIBs.
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2. Experiments

EOGF synthesis: EOGF was synthesized by microwave PECVD
with CH, and H, as gases and nickel foam as the template. After a
brief H, plasma cleaning, EOG was deposited with 50 sccm CH, and
100 sccm H, gas flow for around 10 min. The detail synthesis method
can be found in our previous study [25].

Synthesis of VO, NPs on EOGF: Vanadyl acetylacetonate
(VO(acac),) was employed as precursor to deposit VO, on EOGF.
First, 265 mg VO(acac), was dissolved into 95ml ethanol and stirred
for 24 h. Sml deionized water was then added to the solution. After
that, 100ml of the solution was poured into a 125 ml Teflon lined au-
toclave with a 50 mg EOGF loaded. The synthesis was conducted in an
oven at 180°C for 20 h. After cooling down, the sample was washed
with ethanol for several times and dried under vacuum at 80°C for
20 h. It was then annealed in nitrogen at 350 °C for 2 h. The mass of
vanadium oxide coated on EOGF was determined by mass difference
before and after oxide deposition using a balance with a precision of
0.002mg. The vanadium oxide coated EOGF (VO,/EOGF) was used
as a freestanding electrode directly without any conductive additives
and binders.

2.1. Materials characterization

The morphology and microstructure of the electrode was char-
acterized by scanning electron microscopy (SEM) and transmission
electron microscope (TEM). Raman spectroscopy, energy dispersive
X-ray spectra (EDX) and powder X-ray diffraction (XRD) were used
to determined chemical components and crystal structure.

2.2. Battery assembly and electrochemical measurements

The as-prepared electrodes were assembled into CR-3032 coin
cells with a separator and a lithium chip counter electrode in an ar-
gon filled glovebox that had both moisture and oxygen concentra-
tions below 0.1 ppm. 1 M LiPF in ethylene carbonate, diethyl carbon-
ate and dimethyl carbonate (1:1:1 by volume) was used as the elec-
trolyte. The assembled coin cell was rested in the glovebox for 12 h
before electrochemical measurements. A Bio-Logic electrochemical
workstation was employed to characterize the capacitive performance
of the assembled coin cells including cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). A small current den-
sity of 0.3 mA gfl, based on the active mass of VO,, was used in the
first charge-discharge cycle to activate the cell. CV measurement of
the assembled cell was carried out over a voltage range of 1.5-3.5V
and at different scan rates from I mV's ' to 100mVs '. Galvanostatic
charge-discharge (C-D) measurement of the battery cell was carried
out at different current densities from 0.5A g ' to 50Ag ' by a LAND
CT-2001A battery test system. The cycling stability of the electrode
was tested based on C-D measurement at a current density of 8 Ag !
for 150 cycles. EIS measurement was carried out in the frequency
ranging from 1 Hz to 100 kHz with SmV alternating current amplitude
under a bias voltage of 2.5V.

2.3. Pseudocapacitor assembly and electrochemical measurements

Two as-fabricated VO,/EOGF electrodes were first wetted in SM
LiCl aqueous solution in vacuum and then assembled into a stain-
less coin cell (CR2016) with a 25um separator (Celgard 3501). A
Bio-Logic electrochemical workstation was employed to explore the
capacitive performance of the assembled coin cells including CV, C-D
and EIS. Bare EOGF without VO, coating was also tested for com-
parison. CV measurement was carried out over voltage range 0—0.8 V
and at different scan rates from 2mVs ! to 1000mVs . C-D mea-

surement was carried out at different current densities from 1Ag ' to
50Ag '. EIS measurement was conducted over frequency range from
100kHz to 10mHz, with 5mV alternating current under a bias voltage
of 0 V. The long-term stability of the VO,/EOGF supercapacitors were
tested via C-D cycling for 1500 cycles.

3. Results and discussions
3.1. Morphology characterization and chemical analysis

Electron microscopic images of EOGF and VO,/EOGF are shown
in Fig. 1. SEM images in Fig. 1(a) shows the overall EOGF mor-
phology at large scales (low magnifications), indicating the 3—4 layers
of foam structure with approximately 100 um large pores and tens of
um wide struts. Multilayer graphene (or thin graphite) first grew lat-
erally along the surface of nickel struts and then perpendicularly to
form EOGF. EOG covers all the surface surrounding nickel struts. The
smaller scale view in Fig. 1(b) presents the maze-like structure formed
by the perpendicular graphene sheet network. Small flakes growing
from large flakes further enlarge the surface area. TEM images in
Fig. 1(c) shows the detail morphology of these sheets with sharp tips,
and the high-resolution image of EOG flake clearly displays the ta-
pered shape with a wider base and a narrower tip, and along the ver-
tical wall redistributed with fully exposed graphene edges. The excel-
lent conductivity of graphene flakes and the close interconnection be-
tween flakes ensures a highly conductive framework, and meanwhile
the open structure with large surface area will facilitate the loading of
active materials and the migration of electrolyte ions. Such an EOGF,
with the unique combination of several merits that include high con-
ductivity, large surface area, free electrolyte pathway, and robust me-
chanical structure, can act as an idea framework to load oxides or other
active materials for electrochemical applications including electro-
chemical sensors, fuel cells, dye sensitized solar cells, supercapacitors
and LIBs. As shown in Fig. 1d, VO, NPs were uniformly anchored
along EOG flakes. These VO, NPs were formed through hydrolysis of
VO(acac), precursor [30]. As shown in Fig. S1 in the Supplementary
Information (SI), when VO(acac), was initially mixed with ethanol,
the solution had a dark green color, which gradually changed to dark
brown with stirring for 24 h, suggesting reduction of V°" to v [31].
In the subsequent hydrothermal process, defects in EOG flakes, in-
cluding those fully-exposed highly-dense graphene edges, due to their
unsaturated chemical bonds, acted as nucleation sites of VO, and sub-
sequently they grew into NPs that are tightly anchored on EOG walls.

XRD measurement of VO, without EOGF, shown in Fig. 2a, in-
dicates that the synthesized vanadium oxide is a mixture of VO,(B)
and VO,(M) phases. VO,(B) has a layered structure composed of edge
sharing VO, octahedra units connected by corner sharing to neigh-
boring layers along the c-direction of the VO, octahedra. VO,(M) is
also composed of VO octahedra units but has a monoclinically dis-
torted rutile structure. XRD peaks from VO, is not intense, which
is probably because the particle size is small and crystallization is
not good. Raman spectra of EOGF and VO,/EOGF are plotted in
Fig. 2b and c. The characteristic D (1355cm ), G (1586cm 1), D’
(1629cm 1), 2D (2701 cm™ '), and 2D’ (3253 cm ') bands of graphene/
graphite are shown as green line in Fig. 2b. G peak and 2D peak from
graphene [32] and the intensity ratio (3.7) of the 2D and G peak im-
plies that EOGF consist of few to multiple layers of graphene [11,33],
consistent to the TEM image in Fig. 1(c). The relatively strong de-
fect-related D peak can be explained by the fully exposed defec-
tive graphene edges of EOG and other plasma-induced defects, fur-
ther confirmed by the clearly discernible shoulder D’ peak of the G
band, which comes from graphene defects, including edges [34]. For
VO,/EOGF samples, in addition to those graphene peaks, peaks at
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Fig. 1. (a) SEM images of EOGF at two different magnifications. (b) SEM image of EOG flake network. (¢) TEM images of EOG flakes (left) and cross sectional high-resolution

image of EOG flakes. (d) SEM images of VO, on EOG at two different magnifications.

142,199, 228, 265, 315, 344, 395, 500, and 618cm ! are from vana-
dium oxide [35-37]. VO, nanoparticles synthesized from the same au-
toclave where VO,/EOGF from was deposited on a substrate and EDX
was carried out to investigate the chemical components of the sample.
From the obtained EDX data, it was found that V to O ratio is roughly
1:2. Considering the data from XRD, EDX and Raman spectra, the
nanoparticles are believed to be VO,.

3.2. Electrochemical studies of VO,/EOGF electrode for LIBs

After assembling the VO,/EOGF electrode into a coin cell with Li
as the counter electrode, CV, C-D and EIS studies were performed
to investigate its electrochemical properties. The charge storage in
EOGEF itself is exclusively between the potential range of 0—1V (vs.
Li/Li") with negligible capacity above 1V [24]. Therefore in the fol-
lowing the measured capacity of VO,/EOGF electrode in the potential
range of 1.5-3.5V is considered to be exclusively contributed by VO,.

CV curves of the cell at a few representative scan rates of 5, 10,
50, and 100mAhg ' are presented in Fig. 3a and S3a. As shown, the
measured current, and hence the integral area of CV curves increases
with the scan rate increases. For low scan rates such as SmV/s, anodic
peaks at 2.37V and 2.73V and cathodic peaks at 2.00V and 2.45V
are visible. The higher anodic peak at 2.73 V and higher cathodic peak
at 2.45V is consistent with CV curves of VO,(B) in lithium ion bat-
tery reported [38,39]. The arising of additional peaks might be caused
by morphology and prepared process of VO, since VO,(M) impurity
was found [40] These peaks are not very sharp, correspondingly, there
are no obvious plateaus on C-D curves plotted in Fig. 3b. This phe-
nomenon suggests a significant contribution of pseudocapacitive stor-
age by VO, NPs to the total charge storage, as will be analyzed later.
With scan rate increases, anodic peaks shift right and cathodic peaks
shift left due to polarization. At a higher scan rate of 100mAhg  (Fig.
S3a), the peaks become almost indiscernible.

VO,/EOGF nanostructured electrode exhibits high rate perfor-
mance and large specific capacity, confirmed by C-D measurements

at different current densities up to S0 A gf1 (Fig. 3b). The discharge
capacity at different rates and its cycling stability are further pre-
sented in Fig. 3c, with six C-D cycles at each rate. At a lower dis-
charge current density of 0.5Ag ', VO, NPs exhibit a specific ca-
pacity of 300mAhg . This is considerably larger than previously re-
ported specific capacity that is in the range of 200-250mAh g_l mea-
sured at same current density for bulk VO, or VO, microscale par-
ticles [29,38,39,41]. As will be discussed, in addition to Li" interca-
lation into the lattice, surface-related pseudocapacitance contributes a
significant extra part to the measured total capacity. At ZOAg_l, our
VO,/EOGF electrode maintains a specific capacity of 144mAh gl
A capacity of 91 mAhg ' still remains at a discharge current as large
as SOAgfl. Compared with reduced graphene oxide (RGO) coupled
with metal oxides including TiO, (98 mAhg ' at 10A g ") [42], VO,
(102mAhg ™' at 5Ag") [43], Fe,0; (700mAhg ' at 0.8Ag") [44],
Co0;0, (480mAh gf1 at 0.5A g ) [45], VO,/EOGF can work at much
higher rate due to its unique nanostructure and high conductivity. Cy-
cling stability plotted in Fig. 3d was carried out at a current density of
8Ag ! for 150 cycles, which shows an almost 100% Coulombic effi-
ciency in every cycle and 90% capacity remains at the end of cycling.
These studies suggest that EOGF be a promising framework for sup-
porting active materials to produce freestanding electrodes for lithium
ion battery.

To shed light on the superior rate performance of VO,/EOGF, EIS
measurement was conducted to acquire the electrode resistance and
charge transfer resistance. The Nyquist plot and the equivalent cir-
cuit used to model the impedances are shown in Fig. S4, where R,
represents the ohmic resistance, R, represents the charge transfer re-
sistance, W, is the Warburg impedance and constant phase element
0, relates to the interfacial capacitance [46]. The extracted ohmic re-
sistance R, and charge transfer resistance R, are 3.7Q and 23 Q re-
spectively, much less than electrodes based on RGO coupled TiO,
(R, ~ 70Q) [42] and 3D RGO coupled with Fe,0; (R, ~95Q) [47].
The small resistances of the VO,/EOGF electrode provides the basis
for the measured high rate performance. These results confirm that
the unique structure and properties of the VO,/EOGF electrode facili-
tate Li” migration and intercalation as well as electron transport in the
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Fig. 2. (a) XRD pattern of the synthesized VO, and the standard VO,(B) phase pat-
tern (JCPDS Card No.081-2392). The three strong peaks are from an aluminum sam-
ple holder used in the measurement. (b) Raman spectra of EOGF and VO,/EOGF. (c)
Zoom-in view of Raman spectrum of VO,/EOGF in region of 100~1000cm ™" to show
VO, related peaks.

electrode. Since the diffusion time is proportional to the square of
the diffusion distance, NPs can significantly shorten the diffusion (in-
tercalation/deintercalation) time of lithium ion in the oxide lattice by
reducing the diffusion distance. EOGF, with its stable porous struc-
ture, large surface area and high conductivity over the entire scaffold,
provides free pathways for lithium ion and electrolyte diffusion, sur-
face area to support nanoscale materials and conductive framework for
electron transportation.

Since VO, NPs possesses considerable pseudocapacitive effect
[48], it is necessary to differentiate the charge storage mechanisms
in the VO, NPs based LIB electrode to better understand its supe-
rior rate performance and other properties. It is known that for nanos-
tructured electrodes, in addition to the charge storage due to Li" in-
tercalation in the “bulk” lattice that is a diffusion-limited process, the
large surface area of active nanomaterials also contributes consider-
able amount of storage capacity due to the surface-related pseudoca-
pacitance (and to a less extent, the double layer capacitance). Com-
paring to the intercalation process, this pseudocapacitance contribu-
tion will be more pronounced at high rates since it is a non-diffu-
sion-limited facile Faradic effect occurring at the surface or subsur-
face of the active oxide NPs. CV study was used to differentiate con-
tributions from capacitance and intercalation through currents (i) mea-

sured at different scan rates (v), as described in the SI. As an approxi-
mation, the charge storage capacity originating from capacitive effect
(C,) does not depend on the scan rate in the ideal case, and therefore
pseudocapacitive storage capacity roughly remains constant even at
higher C-D current densities. Thus, a large surface area, by provid-
ing a large pseudocapacitance, is in favor of high-rate performance by
contributing a constant C, On the other hand, the capacity C; originat-
ing from bulk intercalation decreases with the increment of scan rate.
Therefore, when the C-D rate is high enough, C; will become negligi-
ble due to slow diffusion in the bulk lattice, and the total capacity of
the activated materials can be considered only determined by the sur-
face-determined pseudocapacitive storage.

As for our VO,/EOGEF electrode, the dominant cathodic peak in
the CV measurement is plotted in Fig. 3e (black line) and fitted into i;
(red1 line) and i, (green line) as:

i=i +i,=029v+1.55'/? 0

This fitting gives an estimation on the relative contribution of
pseudocapacitive storage and bulk intercalation storage to the total ca-
pacity. From these curves, Li" intercalation current dominates the total
current when scan rate is below 30mV sfl, above which, the pseudo-
capacitive current dominates. Extrapolation of Eq. (1) plotted in Fig.
S3b shows currents at different scan rates. The contribution of pseudo-
capacitive storage and bulk intercalation to total capacity at different
scan rates can be estimated, whose results are plotted in Fig. 3e. At
low scan rate 2mV sfl, bulk intercalation contributes about 80% to the
total capacity, while at scan rate 300mVs ', it only contributes 20%
of the total capacity and the remaining 80% comes from surface-re-
lated pseudocapacitance. Contribution from pseudocapacitive storage
is assumed to be a constant, and it is about 60 mAh gfl.

3.3. Electrochemical studies of VO,/EOGF electrode for
pseudocapacitors

Symmetric cells were assembled with VO,/EOGF electrodes to
test their performance for supercapacitors. SM LiCl aqueous solu-
tion was employed as electrolyte. The performance of supercapaci-
tors is affected by the electrolyte [49] and it was found that vana-
dium oxide supercapacitors are stable and negligibly soluble in high
concentrated LiCl electrolyte [27]. The CV curves of bare EOG and
VO,/EOGF at a representative 100mV s ! are compared in Fig. S5,
with an enclosed area ratio of 50:1, indicating the capacity contri-
bution from EOGEF itself is negligible. CV curves of VO,/EOGF at
scan rates from 2mVs ' to 1000mVs ' are plotted in Fig. 4a. At
a scan rate of 1000mV sfl, the CV curve still maintains a desirable
quasi-rectangle profile. The high rate capability of the VO,/EOGF
electrode is due to the synergetic effects of the high conductivity of
EOGF, small size of VO, nanoparticles and free ion pathways in the
3D structure. The capacitance of the electrode is plotted in Fig. 4b.
VO,/EOGF electrode has a capacitance around two orders of magni-
tude larger than the bare EOGF. At a scan rate of 2mV's ', bare EOGF
has a tiny capacitance of 2.0 mF cm 2, compared to 119 mF cm 2 of
VO,/EOGF electrode with a VO, mass loading of 0.5 mg. At high scan
rate 1000mVs ', an areal capacitance of 26 mF cm * still remains.
Specific capacitance of VO, was calculated and plotted in Fig. 4c. Dis-
charge curves and specific capacitance at different discharge current
density are plotted in Fig. S6. VO, shows a specific capacitance of
300F gfl at a discharge current density of 2 A gfl. The capacitance re-
tention from C-D cycling at 10A g for 1500 cycles is plotted in Fig.

! For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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4d, showing 70% capacitance retention after 1500 cycles. Ragone plot
in Fig. S7 compares the power density and energy density of ca-
pacitors based on diverse electrodes including graphene fiber/MnO,
[50], Pen-ink/fiber [51], PANi/fiber [52] and VOG/kimwiper [19],
which clearly shows the good energy density and power density of
VO,/EOGF

EIS results of VO,/EOGF based supercapacitors are plotted in Fig.
4e, f. The intercept of Nyquist plot (Fig. 4e) with the real axis at
high frequency represents internal resistance of the cell, which is as
small as 0.26 Q, indicating tight binding between the EOGF and VO,
nanoparticles and high conductivity of the EOGF. The small semi-
circle at the medium frequency region is originated from interfacial
charge transfer resistances, which is about 0.30 Q. This small value in-
dicates fast charge transfer between electrolyte and electrodes due to
the large interfacial area of between electrolyte nanoparticles anchored
on EOGF, which enhances the kinetic performance of VO,/EOGF
electrodes. The steep slope of low frequency region indicates fast ion
diffusion in the active materials due to the small size of nanoparti-
cles, implying high rate properties of the electrodes. The Bode plot
in Fig. 4e shows the frequency depended phase angle of the cell.
Ideal capacitors without resistive loss should have a phase angle of
—90°. As frequency increases, the resistive component severely de-
ceases the absolute phase angle vale and lead to serious energy loss.
The characteristic frequency when the phase angle reaches —45° rep-
resents the boundary between resistive and capacitive dominance of
the cell. The cell behaves more like a capacitor at a frequency be-
low the characteristic frequency, while it behaves more like a re-
sistor above this frequency. Of the two categories of supercapaci-

tors, conventional EDLCs typically have a characteristic frequency
value below 1Hz, limited by their porous electrode structure, while
pseudocapacitors, due to the charge transfer based storage mechanism,
are even slower. However, the Bode plot shows that VO,/EOGF based
cell has a characteristic frequency as high as 15Hz at the phase an-
gle of —45°, or a relaxation time constant of 66.7 ms [53,54]. This re-
laxation time is much smaller than those of supercapacitors based on
carbon nanotube and (Ni, Fe, Co) metal oxide nano-composite [55],
graphene and cobalt hydroxide composite [56], manganese oxide and
carbon nanotube nano-composite [57], three dimensional graphene
coated with manganese oxide [58] and even graphene [54,59]. Syn-
ergistic effect of high conductivity of EOGF, tight binding between
EOGF and VO, particles, large interfacial area between electrolyte
and VO, particles and small size of VO, particles might contribute to
their remarkable high frequency response and small relaxation time
constant. The result further demonstrates that EOGF is a promising
framework to support active materials to build high rate electrochem-
ical energy storage devices.

4. Conclusion

In summary, the VO,/EOGF nanostructured electrode based LIBs
displays high-rate charge and discharge performancedue to the high
electronic and ionic conduction, porous nanostructure and large sur-
face area of this unique nanostructure. Contribution of non-diffu-
sion-limited pseudocapacitance to the capacity is prominent at high
rates. Similarly, VO,/EOGF electrode based supercapacitors also ex-
hibit rapid response. In particular, the supercapacitor has a charac-
teristic
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of capacitors based on VO,/EOGF. (e) Nyquist plot and (f) Bode plot of supercapacitors based on VO,/EOGF electrodes.

frequency of 15 Hz when the phase angle reaches —45°, or a relaxation
time constant of 66.7ms. These results suggest that EOGF, produced
by depositing EOG on Ni foam, is a superior 3D scaffold in support-
ing oxide nanomaterials for high-rate electrochemical energy storage
and other applications.
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