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Abstract: Aqueous zinc-ion batteries (AZIBs) are being intensively developed as potential alterna-
tive electrochemical power sources, due to their advantages such as low cost, high safety, abundance
of natural zinc resources and appropriate energy density. Among currently investigated prospective
cathode materials for AZIBs, vanadium oxide-based composites with intrinsically conducting pol-
ymers have shown many advantages, such as high capacity, high power density and long battery
life. This review gives a focused view of the design for the boosting of zinc ion storage performance
using intrinsically conducting polymers in vanadium oxide-based composites and the mechanism
of intercalation processes. The main challenges in interfacial engineering of vanadium oxide-con-
ducting polymers composite structures and the prospects for further development of such cathode
materials are summarized and discussed. The review would give rise to a broad interest focusing
on the advantageous strategy of the development of vanadium oxide composite cathodes with in-
trinsically conducting polymers (polyaniline, polypyrrole, poly(3,4-ethylenedioxythiophene)) for
AZIBs with improved energy density, high-rate capability and stability.

Keywords: aqueous zinc-ion battery; vanadium(V) oxide; poly(3,4-ethylenedioxythiophene); poly-
aniline; polypyrrole; composite cathode; energy storage; electrochemical performance

1. Introduction

In the past few decades, Li-ion batteries have been extensively investigated and com-
mercialized. Versatile lightweight rechargeable Li-ion batteries, providing high energy
density, have found widespread applications in our everyday life, such as powering mo-
bile devices and electric vehicles. However, renewable and clean energy technologies,
such as grid storage, demand stationary batteries of the next generation —low cost, relia-
ble, environmentally friendly, and safe, with long cycle life (>8000 full cycles) and high
energy efficiency (>90%). This demand has accelerated the investigations of the so-called
“beyond Li-ion” battery technologies: all-solid-state batteries, Na-ion batteries, K-ion bat-
teries and multivalent metal-ion batteries that may be more suitable for mid-/large-scale
applications than the Li-ion ones [1-3]. Rechargeable aqueous batteries have been consid-
ered promising candidates for large-scale application due to the various advantages of
aqueous electrolytes: noncombustibility, high ionic conductivity, easy processing and en-
vironmental friendliness. They are among the safest battery systems, making them ideal
for grid storage and also for flexible energy storage devices [4]. Compared to other aque-
ous metal-ion batteries, aqueous zinc-ion batteries (AZIBs) attract special attention be-
cause the high theoretical specific capacity (820 mAh-g™') and high volumetric energy den-
sity (5854 mAh-cm-3) of the metallic Zn anode can to a considerable extent overcome the
issues associated with low energy density due to the limited potential window of aqueous
media [5,6]. The additional advantages of metallic Zn are its comparatively low redox
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potential (-0.76 V vs. the standard hydrogen electrode (SHE)), low cost, high stability in
aqueous electrolytes and natural abundance.

Nevertheless, designing cathode materials for AZIBs with high specific capacity and
stable long-term cycling performance is still a challenge, because Zn?* ions, as other mul-
tivalent cations, enter into strong electrostatic interactions with the host materials, and
cathodes of AZIBs suffer from sluggish Zn?* diffusion kinetics in a crystal lattice, resulting
in poor rate performance and short cycle life [7,8].

Among the currently investigated cathode materials for AZIBs, vanadium-contain-
ing materials occupy a leading position [9-18]. The wide redox range of vanadium (V5 <
V# « V3) allows it to fall within the limited thermodynamically stable electrochemical
window of an aqueous electrolyte (up to 1.23 V). The structures with sufficient interlayer
distances can facilitate reversibility of Zn? insertion/extraction, which promotes the spe-
cific capacity of the electrodes. Thus, layered vanadium oxides are materials with prom-
ising charge storing capabilities [19].

Of these, vanadium pentoxide V20s has high theoretical capacity (up to 589 mA-h-g
per two-electron process) [20] and suitable structure for ion intercalation, making it
widely used as a cathode material for rechargeable batteries [9,10,21-28]. However, the
fabrication of V20Os-based cathodes for AZIBs featuring high reversible capacity and cycle
stability meets a number of challenges [29], which can be, in particular, solved by using
intrinsically conducting polymers (further denoted as CPs) as components of V20s-based
composite cathodes:

(1) Cathode dissolution [30,31]. The dissolution of V205 cathodes in weakly acidic
aqueous electrolytes of AZIBs, especially at low current densities (<0.5 C), reduces the
utilization of active material, induces side reactions at the electrode interface, and causes
structural degradation and performance degradation. The surface layer of conducting pol-
ymer can protect the active material from direct contact with the electrolyte, thus sup-
pressing the interfacial side reactions, and improve cycling performance at low C-rates.

(2) Structural instability. Repeated charge/discharge causes structural degradation of
layered V205, thus inactivating the active phase of electrode materials. The high charge
density of zinc ions generates coulombic interactions with the host material during the
Zn?* intercalation/deintercalation process. Zinc cations are easily bonded with the oxygen
anions of the lattice, which leads to sluggish kinetics of the intercalation/deintercalation
of Zn*, decreased capacity and structural damage. Pre-insertion of conducting polymer
molecules as the so-called “pillars” to produce materials with permanently expanded in-
terlayer distance can effectively improve stability issues by sustaining the framework [32-
37]. Moreover, due to the multivalent nature of the intercalated metal cation, the active
material undergoes dramatic volume changes. Conducting polymers may help maintain
the cathode integrity and ensure a stable charge—discharge process [38].

(3) Low conductivity. Pristine V205 powder has relatively low electrical conductivity,
which results in sluggish reaction kinetics, poor rate performance and a long activation
period. The conductivity can be improved by structural engineering of the active material
(e.g., introducing metal ions or organic molecules as pillars into layered structures of va-
nadium oxides) or by surface modification (coating by conducting material with a for-
mation of core-shell structures or hybridizing active materials with a carbon matrix). The
use of CPs can significantly increase the electronic and ionic conductivity of composite
materials and improve the diffusion kinetics of zinc ions inside the crystal lattice [8,39].

(4) Limited practical capacity. The theoretical specific capacity of V205 in Zn-ion sys-
tems is 589 mAh-g! (for V> to V3 transition). However, the specific capacity obtained in
most published works is two to three times lower. Introducing CPs is a frequently adopted
solution to increase the number of active sites and provide higher capacity. The compo-
sites of host material with CPs exhibit 20-200% higher specific capacity [8] and better cy-
cling stability [40].

The progress in the development of AZIBs has been extensively reviewed, e.g., ma-
terials chemistry of AZIBs [40-43], energy storage mechanisms [29,44,45], microstructural



Energies 2022, 15, 8966

3 0f27

engineering of cathode materials [46], layered vanadium oxides [47] and especially V20s-
based cathodes [48], etc. However, there are few reviews that emphasize the systematic
investigation of CPs as components of composite vanadium-based cathodes in AZIBs,
while synthesis of composites is a promising strategy to improve functional properties by
molecular pre-intercalation of CPs and by combining with nanostructuring and/or metal
ion pre-intercalation. Therefore, a review on the optimization of cathode materials
through the application of CPs, especially by pre-intercalation at the synthesis, and an
uncovering of the relationship between structure and electrochemical and ion/electron
transport properties is necessary. In this mini-review, we will summarize recent progress
in the development of the vanadium-based composites with CPs as cathode materials for
AZIBs, within the context of the effects that interlayer spacing, crystal structure, valence
state, and morphology bear on the electrochemical response of the cathodes.

2. Conducting Polymer-Doped Vanadium Oxide-Based Cathodes for AZIBs

In general, the combination of nanosized active inorganic materials with CPs is rec-
ognized as a promising way of fabricating hybrid materials for battery electrodes, which
combine unusual electrical, chemical, and mechanical properties. These approaches have
been successfully proved in the case of lithium-ion batteries [49-51]. Similar approaches
have been recently widely applied for vanadium-based cathodes for AZIBs.

Based on the Zn?* insertion/extraction mechanism, cathode materials for AZIBs must
possess a large interlayer spacing to accommodate hydrated Zn?* ions. Most layered va-
nadium oxide-based compounds are composed of VOx layers with weak van der Waals
interactions, and the process of repeated intercalation/deintercalation of zinc ions can lead
to irreversible phase transition and even structural collapse, limiting their performance
[7,41]. One of the most effective ways to solve these challenges is to pre-intercalate metal
ions, water molecules or polymers as pillars into the cathode materials. Pre-intercalated
species expand the interlayer spacing of the material and thus enhance its structural sta-
bility during the charge/discharge [40,52-54]. The pre-intercalation is also an efficient
strategy to strengthen the layered structure of V-based oxides.

Water molecule intercalation is considered as an effective method for improving the
long-term cycling performance of layered V205 host structures because water molecules
can expand the layer spacing of materials, decrease the strong electrostatic interaction be-
tween the V-O layer of the host framework and highly polarized Zn?* ions [10], and pro-
vide flexibility in the host framework structure, accelerating the diffusion rate of Zn? ions
[55]. Water molecules can also improve the reversibility of Zn?* insertion/extraction, which
results in high discharge specific capacity in cathode materials. Nevertheless, more stud-
ies are needed to identify the precise relationship between water molecule content and the
electrochemical properties of materials [56]. When the water molecules are extracted from
the interlayers of vanadium-based oxides, the corresponding electrochemical perfor-
mance would degrade [10].

Preintercalated cations stabilize the layered structure due to the covalent linkage
with host frameworks. However, excessively expanded interlayer spacing may cause un-
stable structures and possible structural collapse when subjected to repeated charge/dis-
charge processes. Thus, it is necessary to maintain the balance of large interlayer spacing
and structural stability in the host material. It was observed that intercalated CPs act as
more robust structural pillars than cations and water molecules, enabling stable charging
and discharging [57,58].

The intercalation of CPs into vanadium oxides and other vanadium-based com-
pounds had attracted increasing attention due to their advantages for the improvement
of the functional characteristics of electrode materials. The role of pre-intercalated CPs in
improving the electrochemical performance of V205 in AZIBs was confirmed by recent
studies. On the one hand, the CPs, intercalated into layered vanadium oxide, can expand
the interlayer spacing and stabilize the layered structures by lowering the Coulombic in-
teractions between the guest Zn** and host framework, and can promote rapid diffusion
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of cations in the bulk phase [59], contributing to an enhanced capacity and long-term cycle
stability [60]. On the other hand, the CP intercalated into vanadium oxide can partly re-
duce the oxidation state of vanadium, producing mixed valence states and thus enhancing
its electronic conductivity [61]. Unfortunately, the quantitative assessment of electronic
conductivity is rarely given in works on vanadium oxide-based composites with CPs. The
reported conductivity values for polyaniline-intercalated V205 ranged from 0.5 to 0.58
S-cm™[61,62] to 0.01 S:em™ [63], the conductivity of polypyrrole-intercalated V20s ranged
from 1.05 to 1.69 x 10 S-cm™' for composites with different polypyrrole content [64] and
the electrical conductivities of PEDOT-modified V205 were reported as 1.17 x 10~ S-cm™
[65] and 9.28:10* S cm™! [66].

V205 is also susceptible to dissolution in aqueous electrolytes during the charge-dis-
charge cycling, which leads to capacity fading due to the loss of active material. The sur-
face nanolayer coating of cathode materials with CPs is also an efficient material design
strategy. The ultrathin protective CP layers provide structural integrity, effectively sup-
pressing the cathode dissolution, alleviate volume changes during ions insertion/extrac-
tion, and, therefore, improve the cycling stability.

At present, polyaniline (PANI), polypyrrole (PPy), and poly(3,4-ethylenedioxythio-
phene) (PEDOT) are most commonly used for the preparation of vanadium oxide-CP
composites (Figure 1). The advantages of CPs over other conductive materials (such as
carbons or CNT additives) are in the better adhesion of the CP coating to the active mate-
rial and tighter electrical contact between the electroactive particles, and the possibility of
controlling their structure and properties by varying the conditions of the polymerization
process.

Figure 1. Structures of the most important conducting polymers. (a) Polyaniline; (b) Polypyrrole;
(c) Poly-3,4-ethylendioxythiophene.

CPs can be combined with the host materials via the controllable oxidation process
by in situ polymerization of monomers [67-69], electrochemical polymerization [70], and
interfacial polymerization [71]. Despite great advances in synthetic procedures, it is still a
challenge to conduct precisely controlled syntheses to obtain materials with desired mor-
phology and electrochemical performance.

The development of composites of vanadium-based materials with CPs for AZIBs
started a few years ago, so the number of works published is not large, but the recent
progress points at the future significance of composite cathode materials for AZIBs with
CPs.
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A wide range of conventional and state-of-the-art material characterization, surface
analysis and electrochemical techniques have been applied to examine the performance
and microstructural and chemical evolution of these novel cathode materials. The discus-
sion will be mainly focused on the results obtained by electrochemical techniques used
for battery evaluation (galvanostatic charge-discharge (GCD), electrochemical impedance
spectroscopy (EIS), galvanostatic intermittent titration technique (GITT)), providing in-
formation on their capacitive and charge transfer processes.

2.1. Polyaniline-Modified Vanadium-Based Cathodes

Polyaniline (PANI), having a highly conjugated structure, high conductivity at low
pH values [72,73], and light weight, has been widely used as a common conducting poly-
mer in the field of energy storage, including AZIBs [74,75]. PANI can be introduced into
layered vanadium-based materials by in situ or intercalative polymerization
[53,60,62,63,67,76,77].

The lattice spacing of pristine V205 powder is too small for direct intercalation of
aniline molecules. To overcome this limitation, as a rule, water molecules are intercalated
into V205 before PANI intercalation. The resulting hydrated V20s has expanded lattice
spacing, which simplifies the subsequent intercalation of aniline monomers. Then, vana-
dium oxide-PANI composites can be synthesized via a facile intercalation—-polymeriza-
tion method. First, the hydrated V205 is dispersed in the aniline monomer solution and
anilinium cations are intercalated into the interlayer spaces of V20s. In a second step, they
undergo oxidative polymerization in the interlayer spaces of V20s. During the PANI in-
tercalation process, the valence of vanadium is partially reduced from +5 to +4 [59,61,78].

Polyaniline intercalation strategy was proposed for the first time in [53]. PANI-inter-
calated vanadium oxide (PVO) was obtained by one-step in situ oxidative polymerization
with intercalation of aniline into vanadium oxide according to an earlier procedure (Fig-
ure 2a) [59]. During the oxidative polymerization of aniline, V3* was partially reduced to
V# while polyaniline was formed between the layers of vanadium oxide. According to
TGA analysis, the content of PANI in the PVO composite was 10.8 wt. %. According to
the XPS data, the atomic ratios of V# and V> were 31.68% and 68.32%, respectively. After
polyaniline and water co-intercalation, the interlayer spacing was expanded from 5.77 A
of V20s to 14.02 A in PVO, facilitating the ion diffusion. The partial reduction of V5 to V4
in the lattice and mt-conjugated network of PANI enhanced the charge transport properties
of the PVO. The AZIB utilizing the obtained PVO cathode delivered high specific dis-
charge capacity (420.4 mAh-g at 0.5 A-g™'), a prominent rate capability (400 mAh-g at5
A-gand 288.9 mAh-g at 20.0 A-g™) and high capacity retention (87.5% after 600 cycles
at 5-A g, although the gradual increase of the specific capacity during about 20 cycles
points at the slow activation of the cathode material. A combined intercalation and con-
version reaction mechanism of Zn?  ion storage in the PVO was confirmed by ex situ XRD
and ex situ high-resolution XPS spectroscopy. During the discharge process, an electro-
chemically active intermediate phase (Zn3(OH)2(V207)-2H20) was formed upon Zn? inter-
calation into PVO, and upon further discharging this phase evolved into Znx(PVO)y. At
the fully charged state Zn«(PVO)y and Zn3(OH)2(V207)-2H20 coexisted (Figure 2b).
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Figure 2. (a) Scheme of the PVO preparation processes [53]; (b) Scheme of the reversible zinc storage
mechanism in the PVO electrode [53]; (c) SEM image of as-prepared PVO-60 sample [60]; (d) Rate
capability of PVO-60 and HVO at various current densities [60].

Another organic-inorganic hybrid material was prepared in [67]. Refabricated V20s
(r-V205) was integrated with PANI by chemical oxidation polymerization to synthesize a
V20s@PANI nanocomposite with 17 wt. % of PANI in it. The organic-inorganic
V205@PANI nanocomposite displayed a uniform three-dimensional porous morphology
with PANI layer on the surface of the composite particles. The V 2p peaks on the XPS
spectra of V20s@PANI shifted to lower binding energies compared with those of initial -
V205, suggesting the existence of V# due to a partial reduction of V> to V#. The
V:205@P ANI nanocomposite electrode delivered a high reversible capacity of 361 mAh-g
at the current density of 0.1 A-g7, a high-rate capability (201 mAh-g at 5 A-g™) that was
much better than that of unmodified r-V20s5 and PANI. V20s@PANI exhibited better long-
term cyclability and delivered a higher and more stable discharge capacity (201 mAh-g)
than r-V20s5 (147 mAh-g') and PANI (52 mAh-g) at 5 A-g' up to 1000 cycles. V20s@PANI
exhibited high power density (5958 W-kg™) and high energy density (252 Wh-kg) calcu-
lated based on the mass of the cathode material. The EIS study had shown that the charge-
transfer resistance of V20s@PANI is much lower (126 Ohm) than that of r-V20s (158 Ohm).
The diffusion coefficient of Zn? in the V20s@PANI and r-V20s cathodes was determined
by the GITT. The V20s@PANI nanocomposite demonstrated faster diffusion kinetics, and
the Zn? diffusion coefficient value for V20s@PANI electrode during the discharging pro-
cess was estimated to be 1.3 x 107-1.1 x 10~ cm? s, higher than 1.2 x 10-8-1.9 x 10710 cm?
s71 for r-V20:s electrode.

An in situ polymerization reaction was also adopted to prepare PANI-intercalated
V205 nanosheets (PVO) (Figure 2c) with an interlayer distance of 13.90 A [60]. Samples
with different component ratios were prepared. During the repetitive Zn?* intercalation
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and deintercalation, the PVO exhibited a stable and highly reversible electrochemical re-
sponse. It was shown by in situ synchrotron XRD that the mt-conjugated network of PANI
effectively decreases electrostatic interactions between the Zn? and O? of the host lattice,
thus facilitating the Zn?* diffusion. The DFT calculations had shown that the interlayer
PANI caused a move of the Fermi level toward the conduction band, as a result, facilitat-
ing the electron transfer. It was also shown that the m-conjugated network of PANI leads
to a remarkable decrease in the binding energy between Zn?* and host O in the V-O layer
in PVO (1.67 eV) compared with that of pristine V205 (2.06 eV), which explains the en-
hanced diffusion kinetics of Zn?* in PANI-intercalated V20s. As a result, PVO showed
high-rate capability (Figure 2d) and excellent rate performance (197.1 mAh-g at 20 A-g™)
and an outstanding long-term cycling stability (97.6% capacity retention after 2000 cycles).

A similar in situ intercalation procedure was used to obtain PANI-intercalated V20s
hybrid electrode materials in [76]. The structure of resulting PANI-intercalated vanadium
oxide (PIVO) was also tuned by selecting the V20s-to-aniline ratio and adjusting the tem-
perature, so that the reversible accommodation of Zn?* was achieved in the resultant PIVO
with enlarged layer spacing. According to the ICP-MS results, the PIVO composite with
the molecular formula V20s-0.3CsHeN-1.5H20 was formed. The PIVO electrode exhibited
a large specific capacity of 372 mAh-g at 0.5 A-g”!, and PANI as a pillar also endowed
good cycling stability of the composite. In situ XRD and IR studies had shown that inter-
calated PANI species not only enlarge the interlayer spacing for Zn?* storage, but PIVO
structure also allows the accumulation of additional zinc ions without phase transfor-
mation. Conjugated polymeric chains improve the stability by buffering the structural ex-
pansion due to polymer structure flexibility. Pre-intercalated PANI molecules enable the
reversible intercalation of Zn?* and/or H* ions in layered V20s, leading to improved battery
performance via the synergistic effect.

In [54], a PANI-intercalated hydrated V:0s composite (PANI/V20s) was obtained
through a mild molecule-exchange reaction at room temperature. First, the hydrated V2Os
hydrogel was fabricated using a hydrothermal method at 120 °C for 6 h, and then the
PANI/V20s composite was synthesized by vigorously stirring the prepared hydrated V205
hydrogel with an aqueous solution of aniline monomer for 6 h at room temperature.

The redox reaction in PANI/V205 composite [54] was studied by cyclic voltammetry.
The CV curves revealed a highly reversible Zn? intercalation/deintercalation redox reac-
tion, although the first several CVs showed a small difference in shape, which can be at-
tributed to the gradual activation process of the freshly prepared electrode. Two pairs of
peaks at 0.6 V and 1.0 V, originating from the V#/V3* and V5/V# transitions, respectively,
were observed (Figure 3a). The reaction kinetics of the Zn?*  ions solid-state diffusion in
the PANI/V20s composite were studied by GITT (Figure 3b). The diffusion coefficient of
Zn?* jons was found as high as 10-°-10-1° cm?s! (Figure 3c) and can account for the rela-
tively spacious open inner space and the tunnel structure of the composite. The
PANI/V20s5 composite electrode demonstrated stable and highly specific capacities at cur-
rent densities from 0.1 to 4 A-g™1. The reversible specific capacity of PANI/V20s was 353.6
mAh-g'at0.1 A-g, and 278.3 mAh-g! at 4 A-g-1. After continuous charging/discharging
for 100 cycles at 0.2 A-g™', 87.5% capacity retention with a 100% coulombic efficiency was
observed. The maximum energy and power density of PANI/V:0s were 258 Wh-kg™ and
2784 W-kg™, respectively.
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Figure 3. (a) CV curves of PANI/V20s composite in the first five cycles at 1 mV-s™ [54]; (b) The GITT
curves and (c) the calculated diffusion coefficient of Zn?* of PANI/V20s composite [54]; (d) Models
for calculating binding energies of water- and aniline-intercalated V20s matrix [63]; (e) possible Zn
ion migration pathway in VHO and PAVO. Blue, red, and grey balls represent V, O, and Zn atoms,
respectively [63]; (f) energy barriers along Zn migration pathways for VHO and PAVO [63].

A quite similar synthesis procedure was used to obtain PANI-intercalated V205
(PAVO) hybrids in [63]. The PAVO cathode for AZIBs, which operated for about 1 month,
delivered a specific capacity of 350 mAh-g! with a capacity retention of ~90% (over 100
cycles at 0.1-A g™). The experimental studies were supported by first-principle DFT cal-
culations to evaluate the binding energies and intercalation behavior of Zn? ion in the
two-layered structures of pristine hydrated vanadium oxide (VHO) and polyaniline-in-
tercalated vanadium oxide (PAVO) (Figure 3d,e). The binding energies were calculated
by replacing water molecule with aniline molecule in the interlayer space, and a signifi-
cantly lower binding energy of —-124.5 k]-mol™ by intercalating organic molecule com-
pared with H20O (-21.3 kJ-mol) was found (Figure 3f). Therefore, it was shown that the
removal of water from the interlamellar space followed by the insertion of a monolayer of
polyaniline is a spontaneous process. As aniline molecules polymerize together with the
intercalation process, most water molecules will be replaced by polyaniline. The calcula-
tion also confirmed a weak hydrogen bond, which stabilizes and preserves the layered
V205 matrix when cycling.

Another vanadium oxide (V20s.x)/PANI composite (PANI-V) was synthesized by the
intercalation—polymerization method from V:0snH20 xerogel and aniline solution in
methanol in [79]. The PANI-V superlattice structure retained the nanosheet-like morphol-
ogy of V205, and the interlayer spacing was expanded to 15.6 A. The results of HR-TEM,
Raman spectroscopy, XPS, and FTIR confirmed that PANI intercalated into the V20s. The
electrochemical performance of PANI-V composite was evaluated in the coin cells vs. Zn
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anode in 2 M ZnSOs aqueous electrolyte. Notably, the PANI-V electrode did not undergo
an activation process during cycling. At the current density of 100 mA-g™, the PANI-V
electrode demonstrated the highest capacity of 490 mAh-g-!, compared to 275 mAh-g! of
V205nH20 xerogel and 152 mAh-g-! of commercial V20s, due to the expanded interlayer
spacing of PANI-V and the improved electrical conductivity of the material. This was also
verified by rate capability tests. PANI-V electrode presented excellent high-rate capabil-
ity, and the capacity of 283, 265, 254, 249, and 234 mAh-g at the rates of 2, 5, 10, 16, and
32 C (1 C=500 mA-g1), respectively, while the capacity of V20snH20O dropped dramati-
cally at high rates. The diffusion coefficients (D) of Zn?>* for PANI-V and V20snH20 during
the discharge—charge process determined by GITT demonstrate that the diffusion kinetics
of Zn?> through the V:0s layers were greatly improved by PANI intercalation into the
structure. The D values of PANI-V were within the range of 0.4 x 108-5.2 x 108 cm?s™,
compared to 0.1 x 10--2.4 x 10 cm?-s™! of V20snH-20.

Similarly, polyaniline-intercalated hydrated vanadium pentoxide (PANI-VOH) hy-
brid composite was synthesized by an interface-intercalation method from the vanadium
oxide (VOH) hydrogel dispersion in water and aniline solution in CCls4 [77]. When the two
phases came into contact, the aniline monomers diffused to the CCls/water interface and
intercalated in situ into the interlayer space of VOH. During the intercalation process, wa-
ter molecules in the interlayer space of the VOH hydrogel were partially replaced by the
aniline monomers, which polymerized due to the oxidative effect of VOH and dissolved
oxygen. The in situ oxidative polymerization/intercalation of aniline was completed in air.
The PANI-VOH had a 3D sponge-like architecture of nanosheets with a corrugated sur-
face and 14.1 A interlayer spacing. The FTIR and Raman spectra of the PANI-VOH proved
that PANI was successfully intercalated into vanadium oxide hydrogel as a pillar to form
the composite. According to TGA, the content of PANI in PANI-VOH was about 12.8 wt.
%. The specific capacities of PANI-VOH were much higher than of pristine VOH at every
current density, and the composite demonstrated stable cycling performance. The initial
discharge capacity of PANI-VOH and VOH cathodes at 0.1 A-g was 343 and 225 mAh-g™,
respectively. The ex situ XRD and XPS had shown that during the first intercalation/dein-
tercalation of Zn?, a minor part of PANI-VOH was converted into Zns(OH)2V207-2H20.
Then, the PANI-VOH and Zn3(OH)2V207-2H20 co-existed, and the stability of CV and
GCD curved during charge/discharge points at the reversibility of the process. The dis-
tinct Zn 2p peaks on the ex situ XPS spectra of the PANI-VOH cathode at the fully dis-
charged state confirmed the intercalation of Zn?* into the PANI-VOH. At the fully charged
state, weak Zn 2p peaks were also observed due to the abovementioned irreversible par-
tial phase transformation of PANI-VOH to Zn3(OH)2V207-2H20.

In [62], the PANI-vanadium oxide (PVO) hybrid material with a 14.1 A interlayer
spacing was synthesized by the hydrothermal method at 150 °C. During the synthesis,
PANI was doped with p-toluenesulfonic acid to improve its conductivity. According to
the TGA, PANI content in PVO was 7.8 wt. %. The PVO electrode demonstrated a high
reversible capacity of 356 mAh-g at 0.1 A-g' and maintained a high capacity (235
mAh-g) even at a high current density of 20 A-g and excellent rate capability. The rate
performance and cycling stability of the PVO cathode were improved due to the high
electronic conductivity of PVO (0.58 S-cm™), fast Zn?* migration rate and enhanced inter-
layer structure due to intercalated polyaniline. PVO maintained high capacity retention
(96.3%) and almost 100% Coulombic efficiency after 1000 cycles at 5 A-g!, demonstrating
its outstanding cycling stability. The PVO electrode had shown no obvious change in mor-
phology and composition after long-term cycling, demonstrating its good structural sta-
bility.

Polyaniline-intercalated and exfoliated hydrated vanadium oxide (V20s-nH20, VOH)
cathode material (PANI-VOH) was prepared in [80]. Freshly synthesized VOH in solution
was mixed with acidic (pH 2) aqueous aniline solution, and the mixture was kept at 120
°C for 3 h. The low-temperature oxidation process resulted in the formation of PANI struc-
tures with long chains, which promoted the exfoliation of VOH. The content of PANI in
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the PANI-VOH composite calculated from TGA was about 11%. According to the BET
tests results, the surface area of PANI-VOH was 62.45 m?g~, much higher than that of
VOH (2.53 m*>g™). The wide pore size distribution of PANI-VOH (4-100 nm) was at-
tributed to the stacking of the exfoliated sheets. The PANI-VOH electrode in the “water-
in-salt” 3 M Zn(CFsSOs)2 + 6 M LiTFSI electrolyte demonstrated the specific capacity of
323 mAh-g? at 1 A-g”, and good cycling stability with 80% capacity retention after 800
cycles. Due to facile redox kinetics of the material, the PANI-VOH AZIB possessed the
specific energy of 216 Wh-kg at 252 W-kg!, and 150 Wh-kg at 3900 W-kg'. EIS and GITT
analyses indicated that, compared to VOH, PANI-VOH demonstrated a significant de-
crease in the charge transfer resistance and higher Zn?* diffusivity during charge and dis-
charge. Fast kinetics of charge-discharge allowed the V5/V3* redox transition of material,
while intercalated PANI facilitated the electrical conductivity of the electrode and main-
tained structural stability of the composite during cycling.

The incorporation of PANI molecules into the interlayers of V20s significantly ex-
pands the interlayer spacing of vanadium oxide, stabilizes the layered structure, and pro-
motes facile Zn?* diffusion. The V20s-PANI nanocomposites as cathode materials possess
faster electron transfer and ion diffusion than unmodified V20s, thus realizing excellent
long-term cycle performance and rate capability. Simple yet effective strategies for the
incorporation of PANI allowed advanced cathode materials to develop with emerging
storage properties for AZIBs.

2.2. Polypyrrole-Modified Vanadium-Based Cathodes

Polypyrrole (PPy) is a popular conducting polymer for battery applications due to its
high conductivity, low toxicity, and facile synthesis [81]. PPy can be prepared via the ox-
idative polymerization of pyrrole and has higher stability and conductivity than PANI
[82]. The yield, morphology, and electrical conductivity of PPy are determined by the na-
ture of the oxidant and the reaction conditions [83]. The electrode reaction of the PPy in-
volves both electron and ion transport within the film [84].

V205 nanowires were wrapped into polypyrrole in [81] to obtain a V20s/PPy compo-
site by a surface-initiated polymerization of pyrrole at room temperature. Pyrrole was
dissolved in DMF and slowly added to V20s nanowires dispersed in water. The solution
was vigorously stirred for 24 h for polymerization. V205 as an oxidant induced the
polymerization of pyrrole on its surface. No significant changes were observed on the
XRD of V2Os after coating by PPy, indicating that the layered oxide structure with 9.6 A
spacing was well maintained after the polymerization. The XPS spectra demonstrated the
presence of a 9.3 at. % of V#, corresponding to the generation of oxygen vacancies on the
V205 surface. The PPy-coated V205 nanowires had higher electronic conductivity; as a pro-
tective layer PPy also decreased the V205 dissolution. The V20s/PPy cathode delivered a
high initial capacity of 466 mAh-g at 0.1 A-g~, while the initial V20s nanowires delivered
425 mAh-g1. V205/PPy demonstrated better rate performance than unmodified V20s in
the entire range of studied current densities (up to of 5.0 A-g™). The kinetics of the
V205/PPy composite cathode was studied by GITT. The Zn?" diffusion coefficient for
V20s5/PPy during discharging—charging procedures was 3.03 x 10-1.46 x 10-° cm?-s1.

The composite of hydrated vanadium oxide with polypyrrole (PPy/VOH) was syn-
thesized (Figure 4a) at room temperature by dripping pyrrole monomer into hydrated
vanadium oxide under continuous stirring in [85]. The pyrrole monomers, intercalated
into the VOH layers, were oxidized by vanadium oxide and polymerized into chain-like
polypyrrole, which extended the V-O layers spacing. The insertion of pyrrole was con-
firmed by powder XRD data (Figure 4b). The intercalation of PPy resulted in the decrease
in crystallinity of PPy/VOH and the intensity of X-ray diffraction peaks. As can be seen
from the high-resolution TEM image (Figure 4c), the interlayer spacing of vanadium oxide
was expanded to 14.0 A. The percentage of PPy in PPy/VOH determined by the TGA was
12.48 wt. %. The galvanostatic charge-discharge tests have shown that the specific capac-
ity of PPy/VOH is much larger than that of VOH. Rate capability tests of both materials
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have shown that the discharge capacities of PPy/VOH were 383, 351, 327, 303 and 281
mAh-g at the current densities of 0.1, 0.2, 0.5, 1 and 2 A-g', respectively, compared to 48
mAh-g7at2 A-g™ of VOH (Figure 4d). The specific capacity of PPy was 56 mAh-g at 0.2
A-g' and decreased during cycling, so it makes a small contribution to the PPy/VOH ca-
pacity. The cyclic stability of the composite material was not perfect, which was explained
by the low cyclic stability of PPy due to repeated swelling/contraction of the polymer. The
diffusion coefficient of Zn?* in the PPy/VOH cathode calculated from GITT conducted at
0.5 A-g! was 10810~ cm?-s™!, while in VOH it was only about 10-1® cm?:s'. The obtained
Zn?+ diffusion coefficients in PPy/VOH were higher than in some other PANI-intercalated
vanadium oxide composites [60,80], and were attributed to the expanded interlayer spac-
ing due to insertion of PPy, which facilitated the transport of zinc ions. The energy density
of the PPy/VOH-based AZIB was 358 Wh-kg™ at the power density of 95 W-kg, and 303
Wh-kg at 2164 W-kg™!, which is superior to some other reported polymer-intercalated
VOH cathode materials, for example, PANI/V20s (258.3 Wh-kg) [54], PANI-VOH (225
Wh-kg™) [80] and V20s@PEDOT (280 Wh-kg™) [57].
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Figure 4. (a) Scheme of the PPy/VOH composite synthesis [85]; (b) XRD patterns of VOH and
PPy/VOH [85]; (¢) HRTEM image of PPy/VOH [85]; (d) Rate capability of VOH and PPy/VOH at
current densities 0.1-2 A-g™ [85]; (e) XRD patterns of PPy-V, V20s-H20 and V205 for comparison
[86]; (f) Charge-discharge curves of PPy-V-10 electrode at current densities 0.2-5 A-g™! [86]; (g) Cy-
cling performance of PPy-V-10 electrode (50 cycles at 0.2 A g) [86].

The polypyrrole-intercalated V20s (PPy-V) was obtained through a hydrothermal re-
action at 120 °C [86]. Samples with different PPy content have been obtained. According
to TGA, the weight content of PPy in PPy-V-10 was 4.1%. The diffraction patterns of PPy-
intercalated V205 were completely different from orthogonal V205 (Figure 4e). The as-pre-
pared PPy-V-10 sample exhibited a “foliated rock” architecture consisting of numerous
nanoflakes. The two plateaus clearly observed in the charge/discharge profiles of PPy-V-
10 (Figure 4f) were in agreement with the CV test results. During long-term cycling at low
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current densities (0.2 A-g™), the gradual increase of charge-discharge capacity was ini-
tially observed due to the activation process (Figure 4g). Then the capacity decreased
slowly, probably due to continuous damage of the structure caused by the deep charge-
discharge processes. The PPy-V electrode exhibited excellent rate capability and high re-
versible discharge capacities at high current densities (290 and 241 mAh-g at 2 and 5
A-g, respectively). The battery had shown a high energy density of 362 Wh-kg at a
power density of 200 W-kg™, and even at ultra-high densities of 5000 W-kg' the energy
density of 240 Wh-kg™ was maintained. This is superior to some other vanadium-based
composites with CPs for AZIBs, PEDOT-NVO [87] and PANI-VOH [80]. By means of
GITT, EIS and ex situ XRD it was shown that the energy storage mechanism of the PPy-V
was a stepwise H*/Zn?" co-intercalation.

Among the various modification strategies, oxygen defect engineering is particularly
attractive as it can modify electronic structures without significant alteration to the lattice,
which could lead to the improvement of the electrochemical performance. Oxygen vacan-
cies help to facilitate the charge transfer kinetics due to a larger interlayer spacing in the
material, which allows the retention of the structural integrity during cycling [88].

V20s-polypyrrole nanobelt composites were obtained by in situ polymerization at
room temperature in [64]. In the course of the polymerization, V205 served as an oxidant,
and pyrrole polymerized on the surface of V205 to form the V205-PPy core-shell nanopar-
ticles. Depending on the component ratio, the content of PPy in V20s-PPy samples ranged
7-15 wt. %. With the increase of PPy content in the composite, the atomic percentage of
V5 in the V205-PPy, calculated from the corresponding peak areas of the XPS spectra,
gradually decreased, and that of V# increased, indicating that the concentration of oxygen
vacancies gradually increased [89]. The sample with 9 wt. % PPy content, V20s-9PPy, had
shown formidable specific capacities (e.g., 441 mAh-g' at 0.1 A-g" and 291 mAh-g at 5.0
A-g) and excellent rate performance. When returning to 0.1 A-g-1, V2Os-9PPy maintained
a specific capacity of 441 mAh-g. V20s-9PPy also showed high energy densities: 284
Wh-kg at 70 W-kg™ power density, and 2586 W-kg at 173 Wh-kg'. According to the EIS
data, the V205-9PPy sample also exhibited the lowest charge transfer resistance, indicating
the fastest kinetics, which also explained its excellent rate performance. The zinc ion dif-
fusion coefficient (4.4 x 10-8-1.62 x 10-° cm? s7), indicating good kinetics, was evaluated by
GITT at 0.1 A-g. The electronic conductivity of V20s-based electrodes and composites
with different amounts of PPy was measured by four-point probe technique. As the
amount of PPy increased, the electronic conductivity of V20s-PPy was improved. The con-
ductivity of V205 was 4.9 x 10-¢ S-cm!, and 1.05 x 104, 1.36 x 10 and 1.69 x 10~ S-cm™' for
composites with 7, 9 and 15 wt. % of polypyrrole, respectively [64].

A composite cathode of V205 coated by a layer of PPy (V20s@PPy) was synthesized
in [39], in an ice-bath under a nitrogen atmosphere using FeCls as an oxidizing agent. The
morphology of V205@PPy sample was grained, similar to that of pristine V205, suggesting
a thin-layer coating of PPy. A layer of PPy film uniformly deposited on V20s particles
could be seen clearly on the TEM image. All the characteristic peaks of V20s were observed
in the XRD spectrum of V:0s@PPy composite, demonstrating that the PPy coating does
not affect the crystal structure of V20s. The V205@PPy cathode presented a moderate initial
discharge capacity of 109.6 mAh-g at 1 A-g™' and maintained a 95.6% capacity retention
after 300 cycles. The discharge capacity increased gradually during ca. 100 cycles up to
nearly 150 mAh-g-! due to the activation process, and then decreased continuously. With-
out the PPy coating, the initial discharge capacity of the V20s cathode was 104.2 mAh-g-!
and then it rapidly decreased. The rate performance tests had shown that the specific dis-
charge capacities of V20s@PPy were 186.4, 139.1, 101.8 and 65.3 mAh-g at 0.5, 1, 2 and 5
A-g1, respectively, while the specific discharge capacities of V20s//Zn battery were much
lower, 82.7, 58.2, 40 and 30.7 mAh-g, respectively. The EIS spectra had shown that the
charge transfer resistance of the V20s@PPy cathode was 260 Ohm compared to 274 Ohm
for the V205 cathode. Therefore, although the effect of PPy coating was not so pronounced
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as in other works [16,64], the cyclic stability, rate performance, ion and electron transfer
rate of V205 cathode were enhanced by the PPy coating.

Other vanadium oxides have also been considered for polymer-modified cathodes
for AZIBs. VO2 seemed to be a suitable candidate owning to its various crystal structures.
In [16], tetragonal VO: hollow spheres were synthesized via a hydrothermal approach and
a layer of polypyrrole was coated on their surface using ammonium persulfate as an oxi-
dant and p-toluenesulfonic acid as a dopant through an ice bath route at 5 °C. Compared
to VO, the specific capacity of VO:@PPy composites had increased almost twice (from 231
mAh-g- to 400 mAh-g), and cyclic stability had also improved well. Zn?* diffusion coef-
ficient values during insertion and extraction process were calculated to be 10--10-8
cm?s~. The assembled battery cell presented the energy density of 316.8 Wh-kg™ at a
power density of 71.7 W-kg1. Ex situ XRD was used to study the structural evolution of
the VO2-5@PPy electrode at different stages of charge/discharge (Figure 5a). Initially, the
characteristic peaks of VO:-5@PPy were observed. Additional peaks of Zn3(VOs)2 ap-
peared during the reaction due to the insertion and extraction of Zn?". During the dis-
charge, 20 values shifted to higher angles due to immersion into the electrolyte and the
insertion of water molecules, expanding the interlayer space. During the charging process,
the opposite shift was observed. V20s-H:0 characteristic peaks appeared in the pattern as
a result of VO2 oxidation. The change in lattice fringe at (110) planes during the discharg-
ing/charging process of VO:-5@PPy was studied by TEM (Figure 5b—e). While the mor-
phologies of the composite did not change, the d value of (110) plane enlarged to 0.58 nm
at the fully discharged state and recovered to the near-to-original 0.53 nm in the charged
state, demonstrating effective intercalation/deintercalation of Zn?* within the host struc-
ture of VOu.
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Figure 5. (a) Ex situ XRD patterns of VO2-5@PPy electrode at various charge/discharge states [16];
(b,c) TEM and HRTEM images of VO2-5@PPy charging at 1.4 V [16]; (d,e) TEM and HRTEM images
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of VO2-5@PPy discharging at 0.2 V [16]; (f) FESEM image of Od-HVO@PPy nanosheets [68]; (g)
HRTEM image of Od-HVO@PPy [68]; (h) Crystal structure of the Od-VO2xH20 [68].

In [68], oxygen deficient hydrate vanadium dioxide with PPy coating
(Oa—HVO@PPy) was synthesized by an in situ polymerization at pH 1-2. Pyrrole mono-
mer worked both as a reactant and structure-directing agent; its polymerization was not
only accompanied by the reduction of V20s to HVO, but it determined the growth of crys-
tals. The in situ polymerization resulted in PPy-coated VO2:xH20 (HVO), and then the
O4—-HVO@PPy nanosheets were obtained after the solution of HVO@PPy was quickly
freeze-dried at 0.01 mbar vacuum at -85 °C. As seen from the SEM image, parallel-stacked
nanosheets of HVO were obtained, and the PPy layer encapsulating HVO was observed
by TEM. According to TGA, the PPy content in O-—-HVO®@PPy was 9 wt. %. The oxygen-
deficient structure of Os—~HVO@PPy was confirmed by XPS. The rate capability of the
O4—-HVO@PPy was studied at current densities from 0.1 to 10 A-g-, and the O«--HVO@PPy
delivered the reversible specific capacities of 346.5, 349.3, 340.4, 328.2, 316.7, 298.7, 277 4,
252.6 and 206 mAh-g'at 0.1, 0.2, 0.4, 0.6, 1.0, 2.0, 4.0, 6.0 and 10 A-g, respectively. When
the current density was returned to 0.1 A-g™, the 91% capacity retention was observed.
The O--HVO@PPy delivered an energy density of 223 Wh-kg at a relatively low power
density (67.6 W-kg?), while still retaining 184 Wh-kg™ energy density when the power
density was 1345 W-kg.

The increased layer spacing after the insertion of PPy is beneficial to the increase of
the zinc ions transfer rate. PPy effectively improves conductivity and the long-term cy-
cling performance of cathodes. In addition, due to the m-conjugated structure, PPy can
shield Zn? ions from electrostatic interactions with the oxygen atoms of the host material.
PPy-coating inhibits the dissolution of the vanadium oxide in aqueous electrolyte.

2.3. Poly-3,4-Ethylenedioxythiophene-Modified Vanadium-Based Cathodes

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a polythiophene derivative with two
alkoxy substituents attached to the 3 and 4 positions of the thiophene ring. The electron-
donating oxygen substituents stabilize free radicals and positive electronic charges within
the conjugated backbone, while the six-membered ring extends stabilization. As a result,
PEDOT exhibits high stability in the doped state and excellent conductivity [90,91]. PE-
DOT, having displayed greatly enhanced stability compared to polypyrrole and polyani-
line, has attracted extreme interest for energy applications in recent years [57,65,92,93].
PEDOT-intercalated materials have demonstrated high rate capability and cycle life in Li-
ion batteries and supercapacitors. Poly(3,4-ethylenedioxythiophene)—polystyrene sul-
fonate (PEDOT:PSS) dispersion is also a popular choice for different applications due to
its tunable conductivity, good electrochemical performance and processability. It has been
reported that pure PEDOT plays a relatively small role in capacity contribution (24-30
mAh-g) [87,94] and may demonstrate pronounced capacity fading [89]. The key role of
PEDOT is to create oxygen vacancies and to simultaneously form a conductive coating to
improve the overall conductivity and protect the host material [70].

In [95] the V20s/PEDOT composite was synthesized by the soft reduction of commer-
cial V205 by EDOT under microwave radiation. The resulting product had a layered struc-
ture (Figure 6a) and was identified by XRD as V10024-12H20 monoclinic phase. The O to
V atomic ratio obtained from XPS analysis confirmed that V5 ions were partially reduced
to V# during oxidation of EDOT. The ~8 wt. % content of PEDOT on the vanadium oxide
surface was determined by TGA. The V205/PEDOT material provided high specific capac-
ity 380 mAh-g1at 0.3 A-g™, and improved C-rate capability up to 20 A-g™' (Figure 6b). The
capacity values for V20s/PEDOT were 390, 381, 357, 326, 274, 192, 137, 101 mAh-g at 0.3,
0.5, 1, 2,5, 10, 15, 20 A-g, respectively. The material was quite stable during long-term
cycling. At 1 A-g7, the specific capacity of V20s/PEDOT demonstrated an increase associ-
ated with the activation process and stabilized after the 20th cycle (Figure 6c). The en-
hanced performance of V205/PEDOT in the ZnSOs electrolyte, due to the mixed valence
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state of vanadium, increased electronic and ionic conductivity, and decreased structural
instability of the material during Zn?  intercalation, allowed the obtaining of capacity val-
ues which outperformed several PANI-modified V20s-based electrodes, both polymer-
coated and pre-intercalated [63,76,81].
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Figure 6. (a) SEM image of V205/PEDOT [95]; (b) C-rate capability of V2Os/PEDOT [95]; (c) Electro-
chemical performance of V205 and V205/PEDOT electrodes: cycle performance and coulombic effi-
ciency at 1 A g™ [95]; (d) Typical SEM images of PEDOT-VO [65]; (e) Rate performance of PEDOT-
VO and V205 electrodes at different current densities [65]; (f) Cycle performance of PEDOT-VO and
V205 electrodes at 0.5 A g1 [65]; (g) SEM of the as-prepared V6VP-20 [89]; (h) XRD patterns of VoVP-
12, V6VP-16, VOVP-20, V6VP-24 and commercial V205[89]; (i) GCD curves of VoVP-20 at different
rates [89].

In [66], the electrical conductivity of V205 and VO@PEDOT composite was deter-
mined using impedance measurements with blocking electrodes. The conductivity of the
VO@PEDOT sample (9.28 x 10+ S cm™) was four times higher than that of V20s (2.3 x 10
S ecm™). The kinetics of the electrode processes in VO@PEDOT were investigated by EIS.
In agreement with enhanced capacity values, the VO@PEDOT electrode also had a lower
Ret value (2.2 Ohm, compared to 9.2 Ohm for V20s), which explains the facilitation of
charge transport and hence can increase the capacity values of this material. The analysis
of the Warburg constant values (ow) for the studied systems had shown that the apparent
diffusion coefficient for VO@PEDOT should be ca. 30 times as large as for V205, thus con-
firming the faster ion intercalation process for the VO@PEDOT electrode. Furthermore, in
[66], the comparative study of the dissolution of the V20s- and VO@PEDOT-based cath-
odes with PVDF binder in the 3 M ZnSOxs electrolyte was performed to estimate the sta-
bility of the materials under conditions where no electrochemical processes occur. The
results of the AES-ICP analysis of vanadium content in the electrolyte had shown a slug-
gish rate of VO@PEDOT composite dissolution. After six months, only 6.53 mg-dm= of
vanadium species was detected in the electrolyte solution where VO@PEDOT electrode
was soaked, whereas the concentration of dissolved vanadium species for the V205 elec-
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trode was one order higher (57.8 mg-dm=). Thus, it was shown that the inclusion of PE-
DOT in the VO@PEDOT material structure inhibits vanadium oxide dissolution not only
during charge-discharge cycling, but also at stationary conditions, which is beneficial for
its use in commercial devices as it can provide long shelf life for batteries.

PEDOT-intercalated vanadium oxide (PEDOT-VO), with V5/V% mixed valence
states, was obtained in [65]. First, EDOT was intercalated into the V205 material during
continuous mixing and was then polymerized using a hydrothermal method. PEDOT-VO
3D-flowers composed of nanosheets can be clearly seen on the SEM images (Figure 6d).
The content of PEDOT in PEDOT-VO composite was estimated as 10.08 wt% by TGA.
Compared to pristine V205, the electrical conductivity and the reaction kinetics of the PE-
DOT-VO composite were improved due to the intrinsic conductivity of PEDOT and mixed
valence states of vanadium. The electrical conductivities of V205 and PEDOT-VO were
6.79 x 10 S-em™ and 1.17 x 104 S-cm™!, respectively. The important evidence of fast kinet-
ics of charge transport in PEDOT-VO composite is its high rate capability; it maintained
the specific capacity of 175 mAh g at the current density of 50 A-g™ (Figure 6e). The
PEDOT-VO cathodes showed short activation time and delivered a high specific capacity
of 370.5 mA h g at 0.5 A g and 96.9% capacity retention after 1000 cycles at 5.0 A g
(Figure 6f).

After it was demonstrated that an oxygen-deficient PEDOT-NH4V30s cathode mate-
rial could achieve improved electrochemical performance as compared to pristine
NH4V30s [87], this approach was applied to V20s. The introduction of PEDOT into V20s
contributed to the formation of oxygen vacancies and led to an enlarged interlayer spacing
in [89]. For the synthesis of oxygen-deficient V20s-PEDOT (V6VP), commercial V205 pow-
der dispersed in water was mixed with different amounts of EDOT and continuously
stirred for 6 days at room temperature to obtain VOVP with various concentrations of V6.
Thus, the PEDOT was formed via the oxidative polymerization of EDOT monomer, which
was simultaneously intercalated into the V20s-layered structure. After PEDOT intercala-
tion, V6 were formed, with an expansion in the interlayer spacing of V20s. The XPS anal-
ysis indicated that the V6 concentration in samples was controlled by the amount of EDOT
monomer added during the synthesis process, and ranged from 12 to 24%. The as-pre-
pared V6VP-20 sample had a nanobelt structure, with ca. 30 nm in width and several mi-
crometers in length (Figure 6g). The XRD spectra of all VOVP samples revealed the pres-
ence of pure V205, suggesting that V205 remained unchanged by the polymerization of
EDOT. The peak intensity of VOVP decreased with the increase in the PEDOT content,
suggesting that some of the diffraction peaks in V6VP were masked by PEDOT (Figure
6h). The GCD curves of VOVP-20 at various current densities showed small polarization
(Figure 6i). The specific capacities of the sample with 20% of V6 (V6VP-20), which had
shown the best performance, were 444, 449, and 358 mAh-g at 0.1, 0.2, and 10.0 A-g,
respectively. The cathode also exhibited an excellent cyclical performance of 94.3% after
6000 cycles. The high symmetry of the discharge/charge curves in GITT confirmed a
highly reversible Zn?* storage mechanism. The Dz of VOVP-20 is in the magnitude range
of 10-8-10-° cm?s71.

As V205-PEDOT had shown improved and stable performance as a cathode for ZIBs
[89] it was tested in cells with copper-coated Zn anode (Cu-Zn) [96]. V20s-PEDOT was
synthesized based on the described method, and full batteries with Zn or Cu-Zn anodes
and V205-PEDOT cathodes were assembled and tested. The V20s-PEDOT//Cu-Zn demon-
strated superior performance compared to the V205-PEDOT//Zn battery. The specific ca-
pacity of V20s-PEDOT//Cu—Zn at 0.1, 0.2, 0.5, 1, 2, 3, 4, 5 A-g”! was of 323, 311, 266, 246,
227,215, 205, 195 mAh-g, respectively, while the V205-PEDOT//Zn battery showed a ca-
pacity of 284, 255, 231, 223, 211, 201, 194, 187 mAh-g, respectively. The long-term cycling
tests at 5 A-g' have shown that both cells underwent an increase in capacity due to the
activation of V20s during the first 60 cycles, and V20s-PEDOT//Zn suffered from a capacity
fade after 120 cycles, probably due to the formation of zinc dendrites resulting in “dead
Zn” and the increased internal resistance of the batteries. In contrast, V2Os-PEDOT//Cu-—
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Zn showed a stable cycling performance over 1000 cycles. This example demonstrates the
role of full cell composition on the performance of the cathodes and the routes for further
investigations.

In [97], a binder-free composite cathode based on carbon nanotubes and PEDOT-in-
tercalated V205 was obtained. The fabrication of the PVO/PEDOTcCNTs composites was
realized via a high-energy ball-milling technique in water solution using V20s, EDOT, and
CNTs as precursors. During mechanochemical reaction under wet ball-milling, the
polymerization of EDOT at both the interlayer and surface of V205, the peeling of thin
PEDOT-intercalated V205 nanoflakes, the shortening of CNTs, and the in situ self-assem-
bly of the intermediate products occurred simultaneously. The PVO/PEDOTcCNTs cath-
ode demonstrated the average discharge capacities of 440.6, 428.6, 415.2, 403.4, 380.4,
350.6, 330.3, 289.4, and 245.2 mAh-g! at current densities of 0.5, 1, 2, 3, 5, 8, 10, 15, and 20
A-g, respectively. At a high current density of 30 A-g”, the cathode maintained a dis-
charge capacity of 180.0 mAh-g-!, implying that the battery can be fully discharged and
charged within 60 s, which is desirable for high energy/power density applications. The
PVO/PEDOTcCNTs cathode maintained high energy density of 125.2 Wh-kg™" at a power
density of 10,222.8 W-kg™'. The energy densities of the Zn//PVO/PEDOTcCNTs battery
leave behind most of the recently reported AZIBs based on vanadium-based cathode ma-
terials, such as PVO nanosheets [60], PANI/V20s sponge [54], Oa-HVO@PPy [68], shallow-
layer PEDOT-intercalated V20s [57] and PEDOT-modified ammonium vanadate nano-
fibers [58].

PEDOT:PSS was introduced into V205:3H20 during one-step hydrothermal synthesis
in [92]. The X-ray diffraction pattern of obtained P-VO corresponded to the diffraction
peaks of pure-phase V20s-3H:20. The interlayer spacing of V20s-3H:0 (11.8 A) was en-
larged to 12.9 A for P-VO. The TG analysis revealed ~1.3% weight content of PEDOT:PSS.
XPS analysis revealed that the addition of PEDOT:PSS into the composite increased the
ratio of V# to V%, indicating more oxygen vacancies. The P-VO cathode demonstrated a
stable rate performance at all used current densities (0.2-10.0 A-g™), superior to that of the
unmodified VO cathode. The P-VO cathode demonstrated good long-term durability un-
der different current densities and 100% Coulombic efficiency throughout all cycles. The
increase of the specific capacity from the initial value of 247.9 mAh-g to 302.0 mAh-g-!
after 800 cycles at 5.0 A-g™' was observed, which is related to the activation of the cathode
material and wetting by the electrolyte. The diffusion coefficient (Dzn) of P-VO obtained
by the GITT technique decreased slightly with Zn? intercalation/deintercalation, and most
of the Dzn values were in range of 10-8 to 10-1° cm?s! over the entire intercalation/deinter-
calation process. The fast kinetics of P-VO were also confirmed by the EIS. The charge
transfer resistance of P-VO was 45.1 Ohm, as compared to unmodified VO (199.8 Ohm),
and decreased for both P-VO (9.0 Ohm) and VO (114.9 Ohm) after 50 cycles at 2.0 A-g™.

In [98] 3,4-ethylenedioxythiophene was pre-intercalated into the layered vanadium
oxide and then polymerized in the interlamellar space. The resulting 2D PEDOT-interca-
lated V205 aerogel (PEDOT/V205) was obtained based on the template effect through
freeze-drying. The XRD results confirmed that the interlayer distance significantly ex-
panded as the monomer molecules intercalated and polymerized in situ between the V-O
layers. The PEDOT/V20s cathode delivered reversible capacities of 247, 229, 218, 209, 197,
187, 179, 169 and 154 mAh-g at 0.2, 0.5, 1, 2, 5, 10, 20, 30 and 50 A-g, respectively, in
which the PEDOT component provided a negligible capacity. The PEDOT/V20s cathode
demonstrated a good high-rate performance (154 mAh-g at 50 (!) A-g™") and excellent
cycling stability at high current densities (88% capacity retention at 10 A-g™). The Zn?* ion
diffusion coefficients in the PEDOT/V20s composite estimated by GITT were 10-°-10-%
cm?s71. The enhanced ion diffusion in the composite is related to the sufficient interlayer
spacing enabled by PEDOT intercalation as well as the ultrathin 2D sheet morphology
with more exposed Zn?* insertion sites and shorter ion diffusion paths. A high specific
energy of 216 Wh-kg™ was delivered by the PEDOT/V:0Os cathode at a low power density
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(252 W-kg™). The specific energy was 112 Wh-kg, even at an ultrahigh power density of
35.8 kW-kg!, which is superior to most of the reported vanadium-based cathodes.

A shallow-layer pillaring strategy was proposed in [57]. The interlayers of V20s
grains were expanded with a conducting polymer only at the shallow-layer positions, in-
stead of the nanostructuring strategy. The V20s@PEDOT (VOP) sample was synthesized
via a one-pot self-polymerization method by stirring V2Os powder and the EDOT mono-
mer for one week. The preservation of bulk V205 peaks on the XRD patterns of V20s@PE-
DOT indicated the shallow-layer intercalation of PEDOT at the oxide surface, while a new
peak appeared at 20 8.96° after EDOT insertion. The content of PEDOT in VOP was esti-
mated to be 22.1 wt. % by TGA. It was demonstrated that PEDOT suppressed the disso-
lution of V20s particles, reinforced the conductive contact between grains and boosted the
pseudocapacitive contribution (467%) and Zn?* diffusion coefficient (1.43 x 10-°-1.81 x 10~
8 cm?:s1). The composite VOP cathode was tested at high current densities and delivered
reversible capacities as high as 360, 338, 280, 222, and 197 mAh-g at current densities of
1,2,5,8, and 10 A-g™!, respectively. High energy densities of 280.2 and 205.8 Wh-kg and
high power densities of 0.70 and 5.96 kW-kg were calculated for VOP at 1 and 10 A-g™,
respectively. It was suggested that the approach of shallow-layer pillaring can be ex-
tended to more electrode systems.

V20s@PEDOT hybrid core/shell nanosheet arrays have been grown on a carbon cloth
(CC) substrate in [70] through a three-step process. On the third step, a PEDOT film with
a thickness of =5 nm was uniformly grown on the V205 nanosheet arrays by electrodepo-
sition at a constant current density to form the binder-free V20:@PEDOT/CC electrode.
The initial capacity of the V20s@PEDOT/CC cathode was 360 mAh-g-' at 0.1 A-g™l. The
high rate capability with a specific capacity of 232 mAh-g at 20 A-g™!, and 89% capacity
retention (after 1000 cycles at 5 A-g), was observed for V20s@PEDOT/CC. The enhanced
electrochemical performance of the V20s@PEDOT resulted from the synergistic effects of
the V205 nanosheet network structure and the conducting PEDOT shell, improving ion
and electron transport kinetics. The Zn//V20s@PEDOT/CC battery delivered energy and
power densities of 243 Wh-kg and 18 000 W-kg, respectively.

In [99], ultrathin VO2-PEDOT hybrid nanobelts comprising VO: and poly(3,4-eth-
ylenedioxythiophene) were synthesized by a modified two-step process including the
successive intercalation of EDOT monomers into the layered V:0s at room temperature
followed by the reduction of the obtained V20s/PEDOT composite hydrothermally to con-
vert it into VO2-PEDOT. The TGA results indicated that the content of the polymer in the
VO:-PEDOT nanobelts was about 19.2 wt. %. The single crystalline structure of ultrathin
VO: nanobelts and a discrete conducting PEDOT layer resulted in good compatibility of
the composite with the electrolyte, and good ionic and electronic conductivity. Simulta-
neous proton and Zn?* co-intercalation was proposed as an energy storage mechanism for
VO2-PEDOT cathode in the Zn(CFsSOs): electrolyte. The discharge capacities of the VO2-
PEDOT cathode at 0.5, 1, 2, 3, 5, 8 and 10 A-g™' were 448.5, 430.4, 406.2, 389.4, 347.2, 280.2,
and 231.2 mAh-g, respectively, due to high reversibility and fast carrier migration in the
VO2-PEDOT electrode. The migration kinetics of Zn ions in the VO2-PEDOT cathode were
investigated by the GITT, and the Zn?>* diffusion coefficient was of 108 to 10 cm?-s7, in-
dicating fast Zn?* transport in the VO2-PEDOT electrode.

PEDOT has also been successfully introduced into the interlayers of ammonium van-
adate [58,87] and sodium vanadate [100]. PEDOT-intercalated NH4V3Os (PEDOT-NVO)
was obtained in [87] by in situ intercalative polymerization (Figure 7a). PEDOT-NVO pre-
sents a connected nanobelt structure which retains the general morphology of pristine
NVO (Figure 7b). The intercalation of PEDOT not only expanded the interlayer spacing
of NVO (from 7.8 to 10.8 A) (Figure 7c), enhancing the Zn?* mobility within the interlayer,
but also promoted the formation of oxygen vacancies in the PEDOT-NVO. This conclusion
was supported by DFT calculations. A PEDOT-reinforced layered structure of PEDOT-
NVO with low kinetic energy barrier enabled fast Zn?* diffusion and long cycle life of the
cathode (capacity retention of 94.1% after 5000 cycles). The discharge capacity PEDOT-
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NVO was higher than that of pristine NVO (Figure 7d) and it demonstrated the capacity
retention of 80.8% after 1000 cycles at 1 A-g.
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Figure 7. (a) Scheme of structural changes during the preparation of PEDOT-NVO [87]; (b) SEM of
PEDOT-NVO [87]; (¢c) HRTEM of PEDOT-NVO [87]; (d) Rate capability of NVO and PEDOT-NVO
at different current densities [87]; (e) SEM image of E-AVNF [58]; (f) Nyquist plots of AVNF and E-
AVNEF after 1st cycle [58]; (g) Specific capacities of AVNF and E-AVNF electrodes at different cur-
rent densities [58].

A facile sonochemical method for controlling the interlayer structure of ammonium
vanadate (Figure 7e) nanofibers (AVNF) using poly(3,4-ethylenedioxythiophene) was
suggested in [58]. The novel PEDOT-intercalated AVNF composite cathode (E-AVNF)
had demonstrated improved rate capability and electrochemical reversibility as well as
cycle stability. E-AVNF exhibited the specific capacity of 344, 326, 315, 306, 287, 272, 248,
227, and 210 mAh-g at the current densities of 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 10 A-g', respec-
tively, and also a high capacity of 155 mAh-g™ at an extremely high current density of 20
A-g-1, which demonstrated the excellent rate capability of E-AVNF (Figure 7f). PEDOT
provided many conductive channels inside the vanadate layers, enabling E-AVNF to
maintain a high capacity at a high current density. The high electrical conductivity of E-
AVNF (4.1 x 102 S-cm™) facilitated faster charge transfer in the electrode. The excellent
cycle stability of E-AVNF can be explained by the fact that the intercalated PEDOT acts as
a more substantial “pillar” than the NH* ion in the vanadate layer. E-AVNF delivered a
high energy density of 124 Wh-kg™ at the power density of 16 000 W-kg. The charge
transfer resistance of E-AVNF (20.7 Ohm) was lower than that of AVNF (26.3 Ohm), indi-
cating the faster reaction kinetics of E-AVNF (Figure 7g). These results demonstrate that
the intercalated PEDOT improved the reaction kinetics of vanadate nanofibers. The diffu-
sion behavior of Zn?  ions in E-AVNF was studied by GITT. The calculated diffusion co-
efficient of Zn? ions for E-AVNF during discharging and charging was 3.73 x 10~ and 2.30
x 10 cm?s7, respectively, compared to 1.03 x 10-°and 5.95 x 10710 cm?s~! for AVNF, re-
spectively, indicating that Zn?* ions can migrate more easily and quickly inside the vana-
date layers of E-AVNF than those of AVNF due to the enlarged interlayer spacing. The
diffusion coefficients of Zn?*  ions are lower during the de-intercalation (charge) process
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than during the intercalation (discharge) process because of the difficulty of Zn?* extrac-
tion, which may be responsible for E-AVNF capacity fading.

In order to overcome the sluggish Zn?* diffusion kinetics, bridge-oxygen sited oxygen
vacancies were introduced into sodium vanadate Nao7VsO1s (NVO) through the in situ
vapor polymerization of 3,4-ethylenedioxythiophene [100]. In a vacuum reactor, with
NVO acting as oxidant, vapored EDOT in situ oxidatively polymerized and chemically
bonded with NVO via the sulfur cations in PEDOT and the oxygen anions in NVO, form-
ing a nanocable-structured oxygen-vacancy rich NVO/PEDOT (V6-PNVO). The oxygen
vacancies and accompanying V4 were generated in V6-PNVO in the non-oxygen atmos-
phere. The V6-PNVO exhibited high-rate capability with capacities of 256, 234, 228, 224,
221, 205 and 165 mAh-gat0.1,0.2,0.4, 0.8, 1, 2 and 4 A-g, respectively, and the capacity
almost recovered when the current density was switched back to 0.05 A-g-'. The improved
capacity, rate performance and enhanced energy efficiency of V6-PNVO are closely re-
lated to PEDOT and oxygen vacancies. The V6-PNVO-based AZIBs exhibited energy-den-
sity/power-density values of 228 Wh-kg/40 W-kg! and 105 Wh-kg/3160 W-kg! at 0.05
and 4.0 A-g, respectively. The Zn? diffusion coefficient of V6-PNVO, calculated from
GITT, was in the range 10-4-10-'3 cm?s1.

Rational design of the structure and morphology of the V2Os/PEDOT composites al-
lows the optimization of the ion/electron transport in the materials, and conducting poly-
mer shells provide abundant Zn-storage active sites, promote zinc ion/electron transport
and serve as an elastic layer to inhibit structural breakdown during the insertion and ex-
traction of zinc ions. The incorporation of PEDOT via an in situ chemical approach with
the partial reduction of V20s in the presence of an EDOT monomer may enhance the elec-
trochemical performance by transformation of the initial structure into mixed-valence
compounds in the resulting vanadium oxide/conducting polymer composite.

3. Conclusions and Outlook

As follows from the above discussion, conducting polymer-intercalated vanadium
oxides have recently become a research hotspot due to their unique combination of prop-
erties, allowing the improvement of the electrochemical performance of AZIBs. The intro-
duction of conducting polymers into vanadium-based cathode materials has proven to be
an effective method for several reasons. First, it leads to enhanced electrical conductivity
of composites, originating from the electronically conducting polymer molecules, interca-
lated into the layered vanadium oxide, and enlarged interlayer distances, which facilitate
enhanced ionic diffusion. Moreover, co-/pre-intercalation of water molecules into layered
oxide structures can lubricate the Zn?>" diffusion during the cycling process. Benefiting
from the shielding effect, these interlamellar water molecules along with polymer mole-
cules reduce the effective charge of Zn?>  and, hence, the interaction between intercalated
metal ions and host lattice, enabling faster ion diffusion.

Second, conducting polymers can be used as shells on active grains for additional
enhancement of conductivity, and can simultaneously protect the active material from
direct contact with the electrolyte, suppressing the interfacial side reactions, and prevent-
ing the dissolution of the cathodes during the charge/discharge process. Furthermore, the
polymer coating may help to maintain the integrity of the electrodes. All these factors will
stabilize the host electrode material, facilitating prolonged charge-discharge cycling.

Third, the in situ polymerization of CPs induces the partial reduction of V5 to V¥,
leading to the formation of oxygen vacancies in V20s. The oxygen vacancies can alter the
material surface chemistry, facilitating enhanced ionic diffusion [68]. The new mixed va-
lence states can also improve the initial conductivity of layered oxides [11], which is re-
flected in the absence of so-called activation processes, and is characteristic for pristine
unmodified vanadium oxide, providing better overall electrochemical performance [64].

To support the conclusions, the electrochemical performance of polymer-intercalated
vanadium compounds is summarized for comparison in Table 1. From these studies, one
can see that intercalation of PANI, PPy and PEDOT into host cathode materials can not
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only enlarge the interlayer spacing and create more open space for the reversible interca-
lation of ions, but in all cases also significantly improve the overall performance of AZIBs.

Although considerable progress has been achieved in composite vanadium oxide-
based cathodes with conducting polymers as modifiers, some challenges still need to be
further solved. In our view, the optimization of the material is essential for better perfor-
mance of batteries. More research and development of new materials is needed to select
optimized compositions and synthetic procedures, which could further improve the cath-
ode materials.

Further steps to improve the efficiency of cathode materials for AZIBs can be made
based on a deeper engineering of the interlayer space of vanadium oxides with a combi-
nation of two prospective approaches: pre-intercalation of vanadium oxides with metal
ions and intercalation of conducting polymers. Both of these separately proposed ap-
proaches could result in a significant improvement of the electrochemical characteristics
of vanadium oxide-based cathodes. The first attempts at the co-intercalation of conducting
polymers and metal ions have recently been successful [101-103], and further studies of
this novel route for the design of high-performance cathode materials for AZIBs are
needed.

Table 1. Electrochemical performance of selected vanadium oxide-based composites with CPs as
cathodes in AZIBs.
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However, the further development of more technological/easy and reliable methods
of modification of electrode materials and optimization of compositions should be inves-
tigated for practical application in the battery industry. Among the challenges going for-
ward are the choice of appropriate guest molecules/ions allowing the functional stability
during the consecutive charge-discharge cycling, and an optimization of the amount of
guest modifiers providing a good balance between improved energy storage properties
and cycling stability. We believe that this review would stimulate researchers for the de-
velopment of such materials.
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