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Surface-oxidation-mediated construction of
Ppy@VNO/NG core-shell host targeting highly
capacitive and durable negative electrode for

supercapacitors

Wei Sun', Guohua Gao®, Guangming Wu’ and Zhengwei You"”

ABSTRACT Vanadium nitride (VN)-based materials have
been investigated as negative electrode materials for super-
capacitors (SCs) owing to their high theoretical capacitances
and suitable negative potential windows. However, viable VN-
based negative electrode materials suffer from irreversible
electrochemical oxidation of the soluble vanadium species,
leading to rapid capacitance fading when operated in aqueous
electrolytes. Developing a versatile approach to enhance the
stability of VN in aqueous electrolytes is still a challenge. Here,
an interface engineering strategy is developed to intentionally
introduce surface nanolayers of vanadium oxides (VO,) as a
reactive template on the VN surface to formulate well-
designed polypyrrole@VNO (Ppy@VNO) core-shell nano-
wires (NWs) incorporated into a 3D porous N-doped gra-
phene (NG) hybrid aerogel as a durable negative electrode for
SCs. Experimental and theoretical investigations reveal that
the in-situ constructed Ppy@VNO core-shell host can offer
more efficient pathways for rapid electron/ion transport and
accessible electroactive sites. Most importantly, a reversible
surface redox reaction is realized through the transformation
of the valence state of V, and a long cyclic stability is achieved.
The Ppy@VNO/NG hybrid aerogel can deliver a high specific
capacitance of 650 F g ' at 1 A g™’ with approximately 70.7%
capacitance retention (up to the twenty-fold current density),
and an excellent cycling stability without any capacitance de-
cay after 10,000 cycles at both low and high current densities
(1and 10 A g_l, respectively). This work paves the way for the
development of advanced electrode materials for SCs.

Keywords: VN-based negative electrode materials, interface en-

gineering, core-shell nanostructure, valence state transformation,
long-term cycling stability

INTRODUCTION
Supercapacitors (SCs) are highly desirable for a diverse
range of electrical devices that require rapid recharging
and power delivery [1-3]. Nevertheless, their large-scale
practical applications are still hindered due to the rather
low energy density, making it difficult for them to com-
pete with rechargeable batteries [4]. Considering the
equation E = 1/2CV7, the key challenges are to expand the
electrochemical stability window (ESW) of electrolytes
and increase the specific capacitance (C) delivered by the
negative and positive electrodes. Accordingly, various
electrode materials with high C and electrolytes with a
large ESW have been realized in the past decades [5,6]. In
particular, considerable progress has been made in the
development of high-performance positive electrode
materials. These materials include transition metal oxides
[7], hydroxides [8], and sulfides [9]. Though extensive
achievements have been made for positive electrode ma-
terials, the limited investigation and unsatisfactory per-
formance of negative electrode materials resulting from
uncontrolled side-reactions (especially for aqueous elec-
trolytes) restrict the development of high-energy-density
SCs and their large-scale applicability.

Currently, carbon-based materials are the most widely
employed negative electrode materials which deliver low
specific capacitances (<400 F gfl), and moderate energy
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densities [10-12]. Therefore, pseudocapactive negative
electrode materials are promising candidates due to their
varjable valence states and higher theoretical specific ca-
pacitance originating from redox reactions. Only a few of
materials such as iron-based oxides [13,14], molybde-
num-based, tin-based, and vanadium-based oxides/ni-
trides have been reported as pseudocapacitive negative
electrode materials for SCs [15-18]. Among these mate-
rials, vanadium nitride (VN) is the most promising can-
didate as a novel negative electrode for SCs owing to its
superior negative potential window and higher theoretical
capacity of approximately 1340 Fg ', and especially, its
higher electrical conductivity (~1.6 x 10°Sm ' at room
temperature) compared with the other common metal
oxides [19]. However, a fatal drawback of VN is its lim-
ited electrochemical performance, as it exhibits rapid
capacitance fading in aqueous electrolyte solutions, be-
cause VN is electrochemically unstable in the presence of
water/oxygen due to the formation of soluble vanadium
oxides (VO,) on its surface via irreversible oxidation re-
action [20]. For example, Zhang et al. [21] reported an SC
based on VN nanoparticles grown on carbon nanotubes,
which retained only 60% of the initial capacitance after
600 cycles in a 1 mol L' KOH electrolyte. The practical
application of VN-based electrode materials is thus hin-
dered because such a cycling stability is far lower than
that required for the long-term cycling performance of
SCs (>10,000 cycles). To address above challenges, var-
ious attempts have been made, which include in-
corporating additives, coating with a stable carbon layer
and employing a polymer electrolyte [20,22,23]. Although
the issue with the cycle stability problem was suppressed
via these strategies, they resulted in an increased ion
pathway and enlarged inner impedance, at the expense of
the rate capability and specific capacitance. Thus, it can
be inferred that the electrochemical performance of VN
can only be restrictedly improved without changing the
intrinsic properties of VN. Very recently, the potential of
VO, as negative electrode materials for SCs has been
revealed. The electrochemical performance of SCs can be
improved by regulating the oxidation states of V [24],
which is usually realized by annealing VO, in a reduced
atmosphere (in the presence of sulfur or a phosphate
source). In light of this, optimizing the valence states of V
in VO, layer and on the VN surface may be a feasible
strategy to intrinsically alleviate the stability issue and
enhance the performance of negative electrode. However,
the rational integration of V valence states is difficult to
control directly by using this annealing method, and the
process is usually complex and toxic. Moreover, owing to
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its low electrical conductivity, the reaction kinetics of VO,
is quite restrained. Hence, the key challenge here is to
develop a strategy for the rational integration of VN and
VO,, such that the electrochemical activities of each
component are fully manifested and significant im-
provement is achieved in the electrochemical perfor-
mance of the negative electrode.

Interface engineering has been proposed as a powerful
technique to construct an integrated smart architecture,
where the components and structures can be easily ra-
tionalized by modifying the interface conditions [25-27].
A vivid example has been demonstrated to rationalize the
core-shell nanostructures by modulating the surface
chemical activity of TiO, core materials through hydro-
genation, which boosts the electrical conductivity of TiO,
(core) and mediates the growth of Ni(OH), (shell) [27].
Interestingly, the surface valence states of VN can also be
more easily tailored by some simple methods [19], such as
oxygenation, endowing it with a favorably functional
surface to build a properly engineered architecture
through interface engineering. In addition, as a congener
of VO,, VN, which possesses high conductivity, can en-
able rapid charge transportation with efficient kinetics at
the interface between VN and VO,. Motivated by the
above results, an in-situ construction route for combining
VO, and VN is proposed to fabricate well-defined na-
nostructures, in which not only is the electrochemical
performance of VO, and VN fully utilized, but the in-
terface and components are homogeneous at nanoscale
guaranteeing rapid kinetics.

In this work, we proposed a strategy for the in-situ
introduction of VO, onto a VN surface, in which VO,
functioned as an interfacial reactive template that en-
hances the overall performance of the VN negative elec-
trodes. This VO, layer synergizes the merits of the
attractively capacitive VO, and highly conductive VN.
Simultaneous realization of a uniform coating of poly-
pyrrole (Ppy) as the protection layer was also achieved. By
incorporating the VN nanostructures (denoted as
Ppy@VNO) into a three-dimensional (3D) porous N-
doped graphene (NG) aerogel network, a conspicuously
improved performance with high capacitance and long
cyclic stability was achieved. The obtained Ppy@VNO-
based negative electrodes delivered an ultrahigh capaci-
tance of 650 Fg ' at 1 A g, as well as a remarkable rate
capability of 460 Fg ' at a drastically increased current
density of 20 A g '. More importantly, long-term dur-
ability in the presence of an aqueous electrolyte was de-
monstrated by cycling the material over 10,000 cycles. No
capacitive decay was observed at both low (1 A g ') and
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high (10 A g') discharge and charge current densities.
The abnormal durability mechanism of the Ppy@VNO-
based negative electrodes involves tuning the proportion
of the low valence states of V (the V**/V*" redox potential
is more negative than the V°*/V*" redox potential).
Hence, the present strategy for Ppy@VNO construction
offers an in-depth insight into the design of novel nega-
tive electrode materials for promising SCs.

EXPERIMENTAL SECTION

Preparation

3D porous VNO/N-doped graphene hybrid aerogel (VNO/
NG)

A 3D porous VNO/NG hybrid aerogel was fabricated
through a facile sol-gel process and subsequent thermal
treatment and oxygenation. V sol was used as the V
source and the synthesis procedure was previously re-
ported by our group (details in Fig. S1, Supplementary
information). Typically, 3 mL of 3 mg L' graphene oxide
(GO) aqueous solution was slowly added to a solution
consisting of the as-prepared 2mL V sol and 0.1 mL
acetic acid under vigorous stirring. Upon turning dark
red, the mixture was poured into a sealed glass beaker
where the gel was aged for 2 days at 60°C. After solvent
exchange and freeze-drying, the obtained hybrid aerogel
was first annealed in an NH; atmosphere at 600°C for 3 h
and marked as VN/NG hybrid aerogel. Subsequently, the
obtained product was placed in a vacuum chamber and
irradiated with oxygen (O,) plasma at 60°C for 120 s to
create an oxide layer on the VN surface. Finally, the
VNO/NG hybrid aerogel was obtained.

Ppy@VNO/NG hybrid aerogel and its comparison

The obtained VNO/NG hybrid aerogel was placed in a
sealed container, and then, the container was pumped
into a vacuum. Next, 0.05 mL of 37% HCI and 0.5 mL of
pyrrole monomer were injected into the container under
vacuum and the monomer vapour progressively filled the
container. A uniform and thin Ppy coating was fabricated
by polymerization at room temperature for 30 min. Fi-
nally, the Ppy@VNO/NG hybrid aerogel was obtained by
drying the product under vacuum at 100°C overnight. For
a comparison, the Ppy@VN/NG hybrid aerogel was also
fabricated under the same conditions, but without the
oxygenation treatment.

Characterization
The crystal structures of the samples were analyzed by X-
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ray diffraction (XRD) with Cu Ka radiation. Raman
spectra (Jobin-Yvon HR800) were obtained with a laser
wavelength of 514 nm (source power 17 mW). X-ray
photoelectron spectroscopy (XPS) was performed using a
Perkin-Elmer PHI 5300 system operated at 14 kV. The
pore size distribution and specific surface area were de-
termined using a N, adsorption analyzer (Quantachrome,
USA) via the Brunauer-Emmet-Teller (BET) nitrogen
adsorption/desorption technique. The morphologies of
the samples were examined by scanning electron micro-
scopy (SEM, a FEI XL30FEG). The detailed structure and
the corresponding elemental maps of the samples were
characterized by transmission electron microscope (TEM,
JEOL JEM-1230) at an accelerating voltage of 200 kV.

Electrochemical measurements

The working electrodes were prepared by coating the
slurry of the active material, conductive carbon black, and
polymer binder (polyvinylidenefluoride, PVDF) in a mass
ratio of 90:5:5 using N-methylpyrrolidone (NMP) as the
solvent on graphite substrates. The slurry was coated onto
graphite paper with an area of 1cm’ before vacuum
drying at 120°C for 12 h. The mass of the active material
in the dried electrodes was found to be approximately
3 mg. The electrochemical performance measurements
were conducted with a CHI 660D electrochemical
workstation for both the three-electrode and symmetric
two-electrode systems, in which 2 mol L' KOH was used
as the electrolyte. In the three-electrode cell, a Pt foil
served as the counter electrode and a Hg/HgO as the
reference electrode. The specific capacitance was calcu-
lated according to the equation C = IAt/mAV, where I is
the discharge current (A), At is the discharge time, m is
the total mass of the active material, and AV is the dis-
charge voltage. The energy and power densities were es-
timated using the formulae E = C(AV)2/2 and P = QAV/2t
= E/At, repectively.

Calculations

The VN surface was modelled by creating a periodic slab.
We built a surface supercell, where the lattice constants of
the unit cell were /24 and ¢ along the [010] and [001]
directions, respectively. The optimized lattice parameters
for VN and VNO were 5.29 A x 5.48 A. First-principles
calculations were performed using the Vienna ab initio
simulation package (VASP) within the framework of the
density functional theory (DFT). The Perdew-Burke-
Ernzerhof functional and the projector augmented wave
method were adopted. A cut-off energy of 500 eV and a
total energy of 10 ° eV were used. The k-point sampling
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was performed using centered 13x13x1 points. Attractive
van der Waals interactions were included using Grimme’s
correction for the PBE-D3 method. The binding energy
E, was defined as follows:

E,=E(Ppy+VNO or VN)-E(VNO or VN)-E(Ppy), (1)

where E(Ppy + VNO or VN), E(VNO or VN), and E(Ppy)
are the energies of Ppy adsorbed on VNO or VN, pristine
VNO or VN surfaces, and only Ppy, respectively. The
adsorption free energy of OH (AEqy*) in the electrolyte
was calculated as follows:

AE oy = E(OH *) ~ E(*) = (Eyy o~ 1/ 2Ey, ), )

where E(OH*) and E(*) are the total energies of the OH -
adsorbed structure and the structure without OH ad-

sorption, respectively. Ey , and Ey are the chemical
potentials of H,O and H,, respectively.

RESULTS AND DISCUSSION

The VN/NG hybrid aerogel was first prepared through a
combinative method of a sol-gel process and annealing in
an NH; atmosphere (details in the EXPERIMENTAL
SECTION and Fig. S2a). The obtained 3D porous VN/
NG hybrid aerogel was composed of randomly straight
VN NWs (~26.5 nm and several micrometers in diameter
and length, respectively; Fig. S2e) evenly decorated on the
surface of the interconnected NG network. This aerogel
was then irradiated by O, plasma to generate a VO, layer
on VN NWs surface (VNO NWs). Herein, the VO, in-
troduced onto the VN NWs surface is purposely designed
to serve as an interfacial reactive template for the growth
of a uniform Ppy nanoshell. This is enlightened by our
previous studies that conductive polymer (CP = Ppy, poly
(3,4-ethylenedioxythiophene), or polyaniline) can be
controllably produced through a simple oxidative poly-
merization reaction between VO, and the CP monomers
[28,29], such as pyrrole, in vacuum even at room tem-
perature. This method was extended to construct a na-
noscale coating in a 3D porous aerogel network using a
VO, layer, which confines the pyrrole polymerization
reaction specifically to the VN NW surface, giving rise to
well-defined core-shell nanostructures (Fig. S2a). Fur-
thermore, when polymerization of pyrrole monomers
starts on the surface of the VN NW, the chemical re-
duction of the VO, layer causes a change in the valence
state of V, which might be rationally tailored. Fig. la
illustrates the specific design of the Ppy@VNO NW core-
shell host by combining the merits of the highly capaci-
tive VNO with the optimal distribution of the V valence
state and conductive Ppy. The excellent interfacial contact
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between the VNO NW surface and the Ppy coating pre-
pared using the in-situ construction method guarantees
rapid charge transportation, as demonstrated further by
our theoretical results.

The shape of the Ppy@VNO/NG hybrid aerogel was
well preserved compared with that of the VN/NG pre-
cursor, except that the color became darker (insets of
Fig. 1b and Fig. S2d). SEM and TEM inspections revealed
that the hybrid aerogel exhibited a 3D porous inter-
connected network with Ppy@VNO NWs randomly de-
corated on the surface of the NG sheets (Fig. 1b, ¢). The
pore size distribution plot confirmed that the Ppy@VNO
NWs hybrid aerogel possessed the hierarchically porous
texture composed of abundant multiscale pores (Fig. S3),
yielding a high specific surface area of 157.3m’g .
Compared with VN NWs in the VN/NG hybrid aerogel,
there was no distinct change in the morphology of the
VNO NWs after the growth of Ppy, suggesting that the
Ppy shell was thin. Notably, the diameter size distribution
of the NWs in the Ppy@VNO hybrid aerogel (see inset in
Fig. 1c) presented a larger value of ~34.7 nm compared
with that in the VN/NG hybrid aerogel (~26.5 nm) after
oxidative polymerization. This is indicative of the core-
shell configuration. Furthermore, the high-resolution
TEM (HRTEM) image in Fig. 1d displays an evident in-
terface between amorphous Ppy and well-crystallized
VNO, whose lattice fringes are consistent with spacings of
0.21 and 0.24 nm, corresponding to the (200) and (111)
planes of VN (Fig. S4a, b) [30,31], respectively. Fig. S5a
depicts the XRD patterns of the Ppy@VNO/NG and VN/
NG hybrid aerogels. The same characteristic signals in
both the samples indicate that the cubic phase of the VN
NWs was preserved even after oxidative polymerization.
The Ppy shell outside the core has a thickness of about
5 nm, which is in good agreement with the diameter size
distribution data. Energy-dispersive spectrometry (EDS)
elemental mapping, as shown in Fig. le, discloses the
presence of V, N, and C in the as-prepared Ppy@VNO/
NG hybrid aerogel. Interestingly, the O signal can also be
detected in the sample, and its distribution forms a wire
morphology, revealing the presence of surface oxides on
the VN NWs. This was further confirmed by the result of
line-scan EDS profile (Fig. 1f).

To probe the chemical composition of the as-prepared
samples in detail, Raman and XPS measurements were
performed. Fig. 2a shows the Raman spectra of Ppy@VN/
NG, VNO/NG hybrid aerogels, and commercial V,O;
powder. Notably, the Raman spectrum collected for the
VNO/NG hybrid aerogel presents the characteristic peaks
of V,0; in addition to the signature peaks of NG (D band
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(a) Schematic illustration and characterization of the Ppy@VNO core-shell host. (b) SEM image (inset: photograph of the obtained sample)

and (c) TEM image of the Ppy@VNO/NG hybrid aerogel (inset: the diameter size distribution of NWs). (d) An enlarged HRTEM image of the inset of
(c) (inset: the corresponding selected area electron diffraction (SAED) pattern). (e) High angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image and the corresponding elemental mapping images. (f) Line-scan EDS elemental profile of the Ppy@VNO NWs.

at 1354 cm ' and G band at 1584 cm '), confirming that a
VO, layer is formed on the VN NWs after O, plasma
treatment. This result is probably due to the very low
scattering intensity of VN [32], and the strongly resolved
signature peaks of V oxides that dominate the spectrum,
even though VO, on the VN surface is too low to be
detected by XRD. Compared with the Raman spectrum of
V,0; powder, the peaks shifted to a lower frequency and
broadened in the VNO/NG sample, indicating that VO,
on the VN surface possesses a smaller crystallite size [33].
After coating with Ppy, the intensity of the VO, peaks
decreased substantially and the peaks of Ppy emerged,
suggesting the formation of Ppy on the surface of the
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VNO NWs core. The O (O 1s) in the VNO/NG hybrid
aerogel was further verified by the XPS (Fig. S6a), which
again confirms that O has been included in the sample. In
the N 1s core level XPS profile of the Ppy@VNO/NG and
VNO/NG hybrid aerogels (Fig. S6b, c), the peaks were
attributed to the pyridine (N-6), pyrrolic (N-5), qua-
ternary (N-Q) N, and V-N, respectively [34,35]. During
thermal annealing, NH; was employed as both a re-
ductant and a nitrogen source, leading to transformation
of GO into graphene and the doping of N atoms into
graphene to form NG. Compared with the VNO/NG
hybrid aerogel, the peak corresponding to N-5 in the
Ppy@VNO/NG hybrid aerogel increased significantly,
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Figure 2 (a) Raman spectra of the Ppy@VNO/NG hybrid aerogel, VNO/NG hybrid aerogel and V,05 powder. (b) Normalized V 2p core level XPS
spectra of VN/NG, VNO/NG, and Ppy@VNO/NG hybrid aerogels. (c) V 2p;, core level XPS spectra of Ppy@VNO/NG and VNO/NG hybrid aerogels.

(d) O 1s core level XPS spectrum of the Ppy@VNO/NG hybrid aerogel.

which is mainly due to the increase in N-5 derived from
the pentagonal ring of Ppy. Fig. 2b further compares the
V 2p core level XPS profiles of the VN/NG, VNO/NG,
and Ppy@VNO/NG samples. The two peaks located at
513.38 eV (V 2p;,,) and 521.0 eV (V 2p,;,) for the VN/
NG hybrid aerogel correspond to the characteristic peak
of V** in VN [36], and are broader than the peaks pre-
viously reported for VN materials. This is probably due to
the inevitable oxidation of the VN surface when it is
exposed to air. Clearly, after oxidation with O, plasma,
the V 2p peaks of the VNO/NG sample shift towards
higher values and become broader compared with those
of the pristine VN/NG sample, indicating the presence of
a higher oxidation state of V in the sample. The V 2ps,
peak of the VNO/NG hybrid aerogel is deconvoluted into
three signals with diminished intensities that are centered
at 513.8, 515.2, and 516.7 eV, and correspond to V-N
(V*"), V-N-0O (V*) and V-0 (V") respectively (Fig. 2c
bottom) [18,36]. Interestingly, compared with the VNO/
NG sample, there was a negative shift in the peak posi-
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tions for the Ppy@VNO/NG hybrid aerogel, and the in-
tensity of the peaks were still higher than those in the
VN/NG sample. This demonstrates the decrease in the
valence state of V in Ppy@VNO/NG hybrid aerogel
(Fig. 2b). After coating with the Ppy shell, the relative
proportion of V°* decreased from 35% to 32.1%, ac-
companied by a decrease in the average valence state of V
(Vi) from 4.13 to 3.88 (Fig. 2c top). This may be due to
the formation of oxygen defects (Vo) during poly-
merization. This result is associated with the electron (e”)
loss and deprotonation (H") steps of the reaction that
occur between the pyrrole monomer and VO,, which was
demonstrated in our previous work [37]. Fig. 2d and
Figs S6d, S7 further compare the O 1s core-level XPS
profiles of the VNO/NG and Ppy@VNO/NG hybrid
aerogels. The peaks at 529.6 and 531.6 eV are associated
with lattice oxygen with full oxygen coordination and
oxygen defect sites with low oxygen coordination, re-
spectively [38,39]. In comparison with the VNO/NG
sample, the peak area ratio of the oxygen defects in the
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Ppy@VNO/NG hybrid aerogel was clearly enhanced
(from 12.5% to 24.9%), again suggesting that many oxy-
gen defect sites formed during Ppy polymerization.

To reveal the effect of the surface state of VN on the
formation and properties of the interface structure, DFT
calculations were carried out. The density of states (DOS)
for VN and VNO were calculated, and are illustrated in
Fig. 3a and Fig. S8a. Notably, a high DOS is observed at
the Fermi level (E;) for both VN and VNO, suggesting
that the surface oxidation process has no effect on the
intrinsic conductivity of VN. Moreover, the contribution
of the DOS around E; mainly arises from the V 3d orbital.
The corresponding d-band center of VNO is lower than
that of VN (2.32 and 2.82 eV, respectively), indicating
that the active sites of the surface lattice are V atoms and
that VNO possesses more favorable activity. Thus, we
created the (200) surfaces of VNO and VN with opti-
mized geometries and modelled them with a signal layer
of Ppy adsorbed on their surfaces. Fig. 3b and Fig. S8b
exhibit the side view of the optimized structures of a Ppy
cluster adsorbed on both surfaces. The binding energies
of Ppy on VNO and VN were first calculated to be —1.21
and —0.56 eV, respectively, indicating that VNO possesses
superior anchoring ability for Ppy and that a strong in-
teraction between the two is formed. Meanwhile, the
charge transfer for Ppy adsorbed on VNO through the
C-V bond was investigated. Different charge densities are
shown in Fig. 3¢, where a strong charge depletion around
the C atom of Ppy and a charge accumulation on the V
atom of the VNO surface were observed, revealing a
spontaneous and direct charge transfer from Ppy to
VNO. These results indicate that the in-situ introduction
of VO, onto the VN surface not only confines the Ppy
growth, especially to the VN surface, but also accelerates
electron transfer at the interface structure of Ppy and
VNO, which will guarantee the rapid reaction kinetics.
Without oxygenation treatment, Ppy cannot uniformly
grow along the VN NWs (Fig. S9a, b). To explore the
synergistic effect of Ppy and VNO within the core-shell
host in terms of the electrochemical process, the average
open circuit voltages (OCV) of Ppy, VN, VNO, and Ppy
of the Ppy@VNO core-shell host were determined. KOH
was chosen as the representative electrolyte. The corre-
sponding OCV was quantified using Equation (3),

Evnion, TnE(K) —E(VN or VNO) —nE(KOH)
E.o = nFz >
where EVN(OH)K is the total energy of VN(OH),, E(K) is the

energy of the metallic K crystal, » is the number of
transfer electrons, E(VN or VNO) and E(KOH) represent
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the energy of VN/VNO crystal and KOH molecule, re-
spectively. Fig. 3d shows the OCV profiles of Ppy, VN,
and VNO in KOH aqueous electrolyte. The OCV of Ppy
is positive (0.62 V), suggesting that there is almost no
activity and capacitance of Ppy at negative operating
voltages. In this regard, both VNO and VN possess ne-
gative OCV (—2.32 and —2.02 V, respectively), and the
value of the former is lower, indicating the better per-
formance of VO, incorporated VN as a negative elec-
trode. Intriguingly, based on the charge transfer between
Ppy and VNO, the Ppy of the Ppy@VNO core-shell host
exhibits clear activity and extra capacitance in the KOH
aqueous electrolyte, where the OCV remains negative
with increasing number of OH groups (—0.73 V for
30H and —0.13 V for 40H ). This finding indicates that
Ppy increases the adsorption sites of OH on VNO and
that the new diffusion process takes place throughout the
effective interfacial migration in Ppy and VNO. In ad-
dition, the free energy of adsorption of OH (AEqy-) from
the electrolyte on the surfaces of the electrode materials
was also calculated, as it is a key factor in evaluating the
reaction kinetics. The adsorption of OH on the opti-
mized surfaces of VN, VNO, and Ppy@VNO (200) was
explored. As shown in the insets of Fig. 3e, two adsorp-
tion sites (I and II) were selected for the (200) surface of
VNO because of the different coordination types of V
atoms. Both sites show a reduced OH adsorption energy
compared with that of VN (Fig. 3e), demonstrating that
the Faradaic reaction involving with OH state would
take place more easily on the surface of VN after in-
troducing O. Moreover, there are three types of V atom
species on the (200) surface, as shown in the inset of Fig.
3e (right). Due to charge density redistribution through
the “V-C” interaction between VNO and Ppy, AEqy- for
all the sites is further reduced, revealing that the
Ppy@VNO core-shell host has a stronger capability of
adsorbing OH and accelerated reaction kinetics.

To explore the advantages of the rational design of the
as-fabricated electrode materials, the electrochemical be-
havior of the Ppy@VNO/NG hybrid aerogel was tested in
a three-electrode cell with 2 mol L' KOH aqueous elec-
trolyte, using Pt as the counter electrode and Hg/HgO as
the reference electrode. The cyclic voltammetry (CV)
curves of Ppy@VNO/NG, Ppy@VN/NG, and VN/NG
were collected at a scan rate of 10 mV s ' with a potential
window ranging from —1.2 to —0.2 V. The results are
shown in Fig. 4a, where apparent redox peaks were ob-
served in all the three cases. In the CV curves of VNO/
NG and VN/NG, two redox humps can be observed
during the anodic (-0.62V and —0.39 V vs. Hg/HgO,
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Figure 3 (a) DOS diagram of VNO. (b) Atomic model of the VNO surface with a signal layer of Ppy molecular bonded on the V site. (c) Profiles of
differential charge density of Ppy@VNO, the yellow or red, and blue or light blue denotes accumulation and depletion of electrons, respectively.
(d) Calculated OCV of Ppy, VN, VNO, and Ppy of the Ppy@VNO core-shell host. (e) Adsorption free energy of OH (AEqy+) on adsorption sites of

optimized VN, VNO, and Ppy@VNO surfaces.

respectively) and cathodic (—0.46 V and —0.98 V vs. Hg/
HgO, respetively) scans, indicating that the redox reac-
tion is related to the variable valence states of V. In the
presence of an oxide layer on the VN surface, the fol-
lowing redox reaction can be proposed: VN,O, + OH «
VN,O,//OH + VN,O,-OH, where VN,O//OH re-
presents the electrical double layer formed by the hydroxy
ions absorbed on non-specific sites, wherein a large in-
crease in specific capacitance arises due to successive
oxidation by the hydroxyl species on the VN,O, surface
(VN,O,-OH). Notably, both the Ppy@VNO/NG and
VNO/NG electrodes deliver substantially higher current
densities and more prominent redox peaks compared
with the VN/NG electrode, confirming our hypothesis
that the introduction of an oxidation layer and varying V
valence states through oxidative polymerization can im-
prove the electrochemical activity and capacitance of VN.
Furthermore, the redox peaks shift to a lower potential
for the Ppy@VNO/NG electrode in the CV signals, which
is due to the increased numbers of OH adsorption sites
on VNO and enhanced reaction kinetics in the negative
potential window through the Ppy@VNO core-shell host.
This makes it more suitable as a negative electrode ma-
terial. More detailed electrochemical properties of
Ppy@VNO/NG are further disclosed by the CV curves at
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different scan rates (Fig. 4b). When the scan rate is in-
creased from 10 to 200 mV s_l, the shapes of the CV
profiles change slightly and redox peaks can still be ob-
served even at 200 mV s ', demonstrating the rapid re-
sponse pseudocapacitive behavior of the electrode. These
results are in good agreement with our theoretical find-
ings. The b values were calculated according to the power
law formula of I = av” (where a is an adjustable variable,
and b is the slope of the log(v) — log(I) plot) [40], which
can be used to qualitatively analyze the degree of the
surface capacitive effect [41]. Theoretically, when the
slope is 0.5, the electrochemical processes are assumed to
be completely dependent on diffusion-controlled beha-
vior, while b = 1 implies completely capacitive depen-
dence. The fitting slopes related to the oxidation peaks of
Ppy@VNO/NG, VNO/NG, and VN/NG electrodes are
about 0.803, 0.772, and 0.719, respectively (Fig. 4c). The
highest b value of the Ppy@VNO/NG electrode is closer
to 1 and illustrates favourable pseudocapacitive kinetics.
To further investigate charge contributions, the stored
charge can be quantified based on I = k;V + k, V', where
k,V and szl/2 are charge contributions of the surface-
capacitive and diffusion-controlled Faradaic processes,
respectively. The shadowed region inside the CV curve
contributed from the capacitive charge storage process for
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Figure 4 (a) The typical CV curves at 10 mV s ' of Ppy@VNO/NG, VNO/NG, and VN/NG electrodes. (b) CV curves of the Ppy@VNO/NG
electrode at various scan rates. (c) Relation between logarithm peak current and logarithm scan rates. (d) Separations of the percentage of surface
capacitive contribution at different scan rates for Ppy@VNO/NG electrode. (e) Specific capacitance of Ppy@VNO/NG, VNO/NG, and VN/NG
electrodes as a function of current densities. (f) Ragone plot related to energy and power densities for a comparison with previously reported results.
(g) Schematic of the advantages of structure and the component of Ppy@VNO/NG electrode during the electrochemical process. (h) Nyquist plots of
Ppy@VNO/NG, VNO/NG, and VN/NG electrodes. The top inset is the equivalent circuit diagram for the EIS spectra and the bottom one is the
corresponding Bode phase plots with the black dash line highlighting the frequency f, (1/7) at the phase angle of —45°.

the Ppy@VNO/NG electrode at 10mV's ' is approxi-
mately 48.3% (Fig. S10), suggesting that the capacitance
of our Ppy@VNO/NG electrode is mainly due to the
pseudocapacitive contribution. This result is consistent
with the galvanostatic charge/discharge (GCD) test at
different current densities (Figs S11, S12), in which
Ppy@VNO/NG delivers an ultrahigh specific capacitance
of 650 Fg ' at a current density of 1 Ag ', due to the
redox reactions that occur among various valence states
of the V ions. With increasing scan rates, the contribution
of the capacitive process increases and occupies promi-
nent advantage of the charge at high scan rates
(>30 mV s '). These findings reveal that the ultrahigh
capacitance of the electrode can be ascribed to the rapid
charge transport in the Ppy@VNO core-shell host, which
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can offer more effective pathways for ions to surface ac-
tive sites. Fig. 4e presents the comparison of the specific
capacitances of three electrodes as a function of current
densities. As expected, the Ppy@VNO/NG electrode ex-
hibits considerably higher specific capacitance at each
current density. These values are also much higher than
those of previously reported VN-based or other negative
electrode materials (Table S1), such as VN/N-doped
carbon nanocomposites (299 F g_l, 1A g_l) [42], VNQD/

CNF (3312Fg', 1Ag') [43], CC/CW/p-VN@C
(605Fg', 1Ag') [18], a-Fe,0yC (391Fg,
1mAcm %) [13], Mo, N/C-fiber (251 F gfl, 05A gfl)

[44], TM-NPCs (330 F g, 1A g ") [45], and NPOCD/
HPC (468 F gfl, 1A gfl) [46]. Moreover, the Ppy@VNO/
NG electrode displays an extraordinary rate performance

September 2021 | Vol.64 No.9



SCIENCE CHINA Materials

ARTICLES

with as high as 70.7% capacity retention at a high current
density of 20 A g ', while the capacity retentions of the
other electrodes are reduced to 50.3% and 42.4%, re-
spectively. The electrochemical performance of the
Ppy@VNO/NG electrode was also evaluated using a
symmetric two-electrode system in 2 mol L' KOH as the
aqueous electrolyte (Fig. S13.). The specific capacitances
of the samples calculated from the discharge curves are
520, 473, 405, 310, and 253 F g ', respectively. About 49%
of the capacitance can be retained with a twenty-fold
increase in the current density, indicating that a good rate
capability can be obtained during operation of a two-
electrode system. The power and energy densities were
calculated based on the discharge curves, as presented in
the Ragone plot (Fig. 4f). In this work, an energy density
of 903 Whkg ' was achieved at a power density of
05Wkg' and the system could still deliver
63.9 W hkg ' at a high power density of 10,000 W kg
suggesting a better retention ability. We note that the
values of energy and power densities are much higher
than those reported for the VN/NG electrode and for
VN-based or other negative electrode materials, proving
the effectiveness of our strategy. Additionally, the influ-
ence of Ppy content in the Ppy@VNO/NG hybrid aerogel
on the capacitance properties was investigated by elec-
trochemical measurements (Fig. S14). It can be clearly
seen that the specific capacitance of the Ppy@VNO/NG
electrode reaches the highest value (650 F g ' at a current
density of 1 A g ') with an oxidative polymerization time
of 30 min. With a further increase in the reaction time
(60 min), the specific capacitance of the sample decreases
to 590 Fg . Note that densely coated Ppy shell is pro-
duced with longer reaction times, leading to the un-
replenished active materials.

Based on the discussions above, the superior electro-
chemical properties of this Ppy@VNO/NG electrode are
due to the following effects (Fig. 4g): 1) surface oxyge-
nation confines the growth of Ppy, which is beneficial for
the in-situ construction of excellent interfacial contact
between Ppy and VNO NWs with chemical stability,
providing more efficient pathways for rapid electron/ion
transport and more accessible electroactive sites. 2) The
process of Ppy oxidative polymerization enriches the
valence state distribution of V (V>*, V**, and V"), thus
boosting the pseudocapacitance and energy density. 3)
The incorporation of electroactive materials into a 3D
porous aerogel network composed of conductive NG
enables high electronic/ionic conductivity and offers a
high available surface area, ensuring fast electrochemical
kinetics. 4) The rational design of the core-shell nano-
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structure can efficiently inhibit the oxidation of VN and
suppress V dissolution upon cycling. To better under-
stand the reasons for the improved electrochemical per-
formance of the Ppy@VNO/NG electrode, electro-
chemical impedance spectroscopy (EIS) measurements
were performed. For each EIS profile in Fig. 4h, two
different parts including a semicircle (in the high-fre-
quency region) and a straight slope (in the low-frequency
region) can be associated with the charge-transfer re-
sistance (R.) and the Warburg resistance (R,,), which
correspond to the charge transfer process and the diffu-
sion-limited process, respectively. An equivalent circuit
was used to fit the EIS data (top inset of Fig. 4h). The EIS
data of the Ppy@VNO/NG electrode exhibit a lower R
(1.19 Q) than the VNO/NG (R, = 2.11 Q) and VN/NG
(R = 343 Q) electrodes, showing the improved con-
ductivity of the Ppy@VNO/NG electrode. Furthermore,
the line of the Ppy@VNO/NG electrode in the low-fre-
quency region possesses a higher slope than the other
electrodes, implying its rapid ion diffusion between the
electrode and electrolyte. Additionally, the charge transfer
kinetics was analyzed in-depth by the Bode profiles
(bottom inset of Fig. 4h). The relaxation time constant 7
(1/f,) of the characteristic frequency (f;) at a phase angle
of —45° for Ppy@VNO/NG, VNO/NG, and VN/NG
electrodes are 0.015 s, which is obviously less than those
of the VNO/NG (0.25 s) and VN/NG (2.56 s) electrodes.
This again validates the highly efficient ion transfer ki-
netics of the Ppy@VNO/NG electrode. The ion diffusion
coefficients (D) were also calculated to further quantify
the OH diffusion rate in the electrodes, according to the
formula in the Fig. S15. Indeed, the Ppy@VNO/NG
electrode presents higher D values than both the VNO/
NG and VN/NG electrodes, demonstrating that the ion
diffusion rate of VN NWs can be drastically enhanced
through the construction of Ppy and VNO core-shell
hosts. Accordingly, these results confirm that Ppy@VNO/
NG is a highly promising negative electrode for SCs.

As previous studies have shown, poor cycling stability is
the main obstacle for the practical application of VN-
based negative electrode materials. With this in mind, the
long-term durability of Ppy@VNO/NG, VNO/NG, and
VN/NG electrodes was investigated by GCD cycling at
both low and high current densities (1 and 10 A g ') for
10,000 cycles (Fig. 5a and Fig. S16.). The VN/NG elec-
trode exhibits a significant capacitance loss in the first
4000 cycles, and retained only 30% and 50.2% of the in-
itial capacitance after 10,000 cycles at 1 and 10A g
current density, respectively. Interestingly, the capaci-
tances of the Ppy@VNO/NG and VNO/NG electrodes

2157



ARTICLES

SCIENCE CHINA Materials

a g 15055 206 b
S 100.5%
§ 100 119.8%
@
o sol O Ppy@VNO/MG =
s O VNO/MG < |1000th
g O VN/MG Z
X . . . . 2
8 % 2000 4000 6000 8000 10000 g
Cycle number -
c 60
9
40 o
®
8
20 £
+o
e
500
d 0
- =
) Q
3 (=
s g
E
‘B
5 8
[
= 10000th

516 520 524

Binding energy (eV)

Figure 5 (a) Cycling performance of Ppy@VNO/NG, VNO/NG, and VN/NG electrodes collected at a current density of 1 A g ' for 10,000 cycles.

(b) V 2p;,, core level spectra of Ppy@VNO/NG electrode collected after 0, 1000™, and 1900 cycles. (c) The plot of area% change of V', V**,

valence states in Ppy@VNO/NG electrode as a function of cycle numbers. (d) V 2p core level spectra of the VN/NG electrode collected before and
after cycling test. (e) Comprehensive performance comparison (current density vs. cycle numbers vs. capacitance retention) of the negative electrode

materials in aqueous electrolyte solutions.

continuously increase in their initial cycles at 1 Ag '
current density, and reach the maximum values (120.6%
and 119.8% of their initial capacitance) at 1900 and 2500
cycles, respectively, which is also observed at the high
current density during charge/discharge cycling (Fig.
S16). This result may be attributed to the active process in
the electrode and transformation of the chemical states of
V, which will be discussed in detail later. Thanks to the
process, the electrolyte was completely soaked in the 3D
network, and the redox reaction was further enhanced,
leading to an improved capacitive performance. However,
the capacitance of the VNO/NG electrode decreased
quickly afterwards and only about 60% of its original
capacitance was kept after 10,000 cycles. This is due to the
chemical dissolution of VO, during cycling. As expected,
the Ppy@VNO/NG electrode achieved impressive dur-
ability with 100.5% of its initial capacitance retained. The
excellent electrochemical stability was also demonstrated
by CV measurements at a scan rate of 100 mV's ' for
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different cycles, as shown in Fig. S17. All the CV curves
maintain a similar shape, demonstrating that the charge
storage ability of the electrode is highly reversible and
stable after a long cycle test. TEM analyses (Fig. S18)
show that the VNO active materials still keep NW mor-
phology with a core-shell structure decorated on NG
surface, proving that the Ppy shell can effectively protect
the structure and suppress the electrochemical oxidation
of VN. For comparison, in the VN/NG electrode, the
nanowire structure breaks down into nanowire segments
(Fig. S18b), and the electrolyte become a light-yellow
solution (Fig. S19). To better understand the enhanced
cycling performance, identification of the changes in the
chemical states of V is particularly important. Additional
V 2p core level XPS spectra for the Ppy@VNO/NG
electrode were collected after different cycle numbers, as
shown in Fig. 5d and Fig. S20. In each V 2p;, spectrum,
peaks at 513.8, 515.2, and 516.7 eV corresponding to V-N
(V*"), V-N-O (V") and V-0 (V*"), respectively, were
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identified. The V,, of the initial electrode was high with a
value of 3.88, again confirming the existence of the VO,
layer. After the first 1000 cycles, V,,, decreased with an
increase in capacitance (~110.3% retention of the initial
capacitance, as shown in Fig. 5a), indicating that the
enhancement in capacitance for the Ppy@VNO/NG
electrode is associated with the reduction of V with
higher valence state. When the capacitance of the elec-
trode reached its maximum value (1900 cycles), V,,,
continuously decreased to the minimum value of 3.54,
while the variation rate of the V,,, of the Ppy@VNO/NG
electrode became slow during the following 8100 cycles
(Fig. S20), suggesting that a balance of V valence states
may also be realized. In addition, Fig. 5c illustrates the
peak area ratio of V with different valence states at the
corresponding cycles. A relatively rapid decrease in the
amount of V°* was observed (from 32.1% to 8.3%) with
an increase in the amount of V" (43.3% to 54.2%) and
V* (from 24.5% to 37.5%) during the first 1900 charge/
discharge cycles, which is consistent with the active
process occurring during the cycling test. When the test
reached the 3800" cycle, the relative amount of V°*
slightly increased from 8.3% to 11.7% with a decrease in
V*>*, while the amount of V** remained the same. This
demonstrates that there is a net transformation of V>* to
V" during this process. Hence, the slow decay of capa-
citance during the following cycles should be ascribed to
the loss of V>*. However, only small variations in different
V valence states were observed between the 3800 and
10,000" cycles, indicating that a proper equilibrium is
reached for V3+, V‘H, and V" after the active process. It is
reasonably speculated that the excellent cycling perfor-
mance of the Ppy@VNO/NG electrode involves the
transformation of V>" to V** and V"', resulting in an
increase in capacitance during the charge/discharge pro-
cess. Moreover, the increase in the relative ratio of
V>*/V*" is conductive to realizing a high capacitance in
the negative potential window because the V>*/V** po-
tential is more negative than the V>*/V*" potential
[47,48], which is confirmed by the negative shift of the
redox peaks in the CV signal of the Ppy@VNO/NG
electrode (Fig. 4a). The results indicate that the in-
troduction of the VO, layer into the VN surface and in-
situ construction of the Ppy@VNO core-shell host are
critical to the performance of the electrode at the negative
potentials.

The V 2p core level XPS spectra of the VN/NG elec-
trode were also collected before and after the cycling test,
as shown in Fig. 5d. The evident positive-shift in the
position of the V 2p peak indicates that the VN NWs in
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the VN/NG electrode were oxidized after cycling mea-
surements. In addition, the corresponding HAADEF-
STEM image and elemental images (Fig. S16¢) reveal that
the area of the N signal was almost replaced by O after the
cycling. This observation is in good agreement with the
XPS results. The cycling performance of the prepared
Ppy@VNO/NG electrode is superior to that of majority
negative electrode materials, especially at a high current
density of 10 A g . Such capacitive performance com-
bining long cycling life and high capacitance output, far
surpasses that of reported negative electrode materials in
aqueous electrolyte solutions (Fig. 5e), such as CC/CW/p-
VN@C (90.5% retention after 10,000 cycles),[18] Ni-VN/
NCs-7 (85.8% retention after 5000 cycles) [49], VN/C
(88.9% retention after 10,000 cycles) [50], VN/NCS2
(72% retention after 5000 cycles) [42], TM-NPC carbon
(97.8% retention after 10,000 cycles) [45], a-Fe,O;/C
(91.8% retention after 4000 cycles) [13], FeP/PEDOT
(82.12% retention after 5000 cycles) [51], and so on.
Moreover, the retention of its initial capacitance after
10,000 cycles is comparable to the values obtained for the
VN electrodes in solid-state electrolytes [20].

CONCLUSION

In summary, a new and effective approach has been de-
veloped to control the structures and composition of
core-shell hosts via interface engineering by intentionally
oxidizing the surface of the materials. Based on this ap-
proach, a 3D porous hybrid aerogel assembled with a
Ppy@VNO core-shell NW structure incorporated into the
NG matrix was fabricated as a high-performance negative
electrode material for SCs. VO, layers introduced onto
the VN N'Ws surface function as a reactive template to in-
situ construct a well-designed Ppy@VNO core-shell host,
which can offer more efficient pathways for rapid elec-
tron/ion transport and more accessible electroactive sites.
This as-designed Ppy@VNO/NG hybrid aerogel exhibits
superior capacitive performance with aqueous electrolyte
solution, in terms of high specific capacitance (650 F g '
at a current density of 1Ag ') and energy density
(90.3 Whkg ' at a power density of 0.5W kg ), long-
term cycling stability (up to 10,000 cycles), and remark-
able rate capability (approximately 70.7% capacitance
retention with the current density increasing twenty-
fold). Notably, excellent long-term durability of the
Ppy@VNO/NG hybrid aerogel was realized through the
transformation between the V5+, V‘H, and V' states. The
present work provides a high-performance negative
electrode material with a long lifespan and high capaci-
tance and may pave the way for the development of ad-
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vanced electrode materials for SCs.
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