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ABSTRACT: A new approach is employed to boost the electrochemical kinetics and A
stability of vanadium oxygen hydrate (VOH, V,04nH,0) employed for aqueous zinc-
ion battery (ZIB) cathodes. The methodology is based on electrically conductive
polyaniline (PANI) intercalated—exfoliated VOH, achieved by preintercalation of an
aniline monomer and its in situ polymerization within the oxide interlayers. The resulting
graphene-like PANI-VOH nanosheets possess a greatly boosted reaction-controlled
contribution to the total charge storage capacity, resulting in more material undergoing
the reversible V°* to V*' redox reaction. The PANI-VOH electrode obtains an
impressive capacity of 323 mAh g™' at 1 A g7, and state-of-the-art cycling stability at y ,
80% capacity retention after 800 cycles. Because of the facile redox kinetics, the PANI— i W
VOH ZIB obtains uniquely promising specific energy—specific power combinations: an Power density(W kg)
energy of 216 Wh kg_1 is achieved at 252 W kg_l, while 150 Wh kg_1 is achieved at 3900

W kg™ Electrochemical impedance spectroscopy (EIS) and galvanostatic intermittent titration technique (GITT) analyses indicate
that with PANI—VOH nanosheets, there is a simultaneous decrease in the charge transfer resistance and a boost in the diffusion
coefficient of Zn>* (by a factor of 10—100) vs the VOH baseline. The strategy of employing PANI for combined intercalation—
exfoliation may provide a broadly applicable approach for improving the performance in a range of oxide-based energy storage
materials.
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1. INTRODUCTION

Although lithium-ion batteries (LIBs) are showing remarkable
growth and market dominance in automotive and portable
applications, there is a need for less costly and more safe
battery systems based on earth-abundant elements." Aqueous
secondary batteries based on metal ions, including Na*, K,
Mg*, Zn*, Ca*, and AP*”7® possess multiple advantages,
including the natural abundance of potential cathode and
anode materials, high fire safety, and low system cost,
potentially making them suitable for stationary and grid-scale
energy storage ::1pplications.9_13 Aqueous zinc-ion batteries
(ZIBs) possess a relatively high theoretical energy due to the

conversion and manganese dissolution, leading to a dramatic
capacity fade."> Following these steps, researchers have focused
on discovering suitable cathode materials to obtain long-term
cyclability in ZIBs. Although the ionic radius of Zn>' is
relatively small, there are strong electrostatic repulsion forces
when intercalating host crystalline structures, resulting in
shortcomings in rate kinetics and cyclability. An ideal cathode
material would contain a large channel structure to facilitate
the reversible intercalation/extraction of Zn>*.
Vanadium-based oxides are among the most promising
cathode materials for ZIBs due to the polyvalent vanadium
ions (+5, +4, +3, +2), which can realize multielectron transfer

Zn anode (Zn/Zn*" = 820 mAh g, —0.76 V vs H,/H"), and
are safe and inexpensive. Therefore, ZIBs are considered
among the most promising aqueous systems and potential
alternatives to LIBs. The original ZIB was the Zn—MnO,
battery, published by Shoji et al. in 1986."* It consisted of a Zn
metal anode, a MnO, cathode, and a neutral ZnSO, aqueous
solution as the electrolyte. The cathode material was chosen as
a-MnO, because of its tunnel structure, which can provide
sufficient channels for Zn®>* intercalation/extraction. During
cycling, however, this structure underwent irreversible phase
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with a high reversible capacity between 300 and 400 mAh
g """ Vanadium-based oxides and their derivatives are
important compounds used in lithium-ion battery and
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sodium-ion battery research,'”™'® meaning that there a
significant body of scientific understanding regarding their
structure and synthesis. Current research regarding vanadium-
based oxides for ZIBs includes vanadium pentoxide
(V,04),"”*° vanadium oxide (V¢Oy3),”' vanadium oxygen
hydrate (V,04nH,0),” vanadate (NaV;O41.5H,0, AgVO,
ZnVO, (31?5.),3’5’22 and other derivatives.”*>** Among them,
V,0; is a typical vanadium-based compound with a layered
structure. The V atom and the O atom are five-coordinated,
forming a [VO;] quadric pyramid, further connecting with
each other by common edges. The adjacent layers are
connected by van der Waals forces, making it suitable for the
reversible insertion of Zn?*. The earliest V,O5 as a ZIB cathode
material was put forward by Johnson et al., based on a V,O4ll
Zn architecture.”® However, its first discharge-specific capacity
was limited to 196 mAh g™, due to the narrow layer spacing of
the adjacent V—O layers and insufficient Zn** diffusivity. In
turn, expanding the interlayer distance by substituting other
metal ions into the structure, such as Zn**, Ca®', Ag", efc., to
form Zn,sV,05-nH,0, Cay,5V,05-nH,0, and Ag, ,V,Os, is an
effective approach for enhancing Zn*" diffusivity.””**

Another strategy to improve Zn>* diffusion kinetics in V,05
is to preintercalate water molecules into the V—O layers to
form vanadium oxygen hydrate (VOH). The diffusivity of Zn*"
within the more open structure of the hydrate is faster than in
anhydrous V,0j, leading to improved redox kinetics. However,
during the repeated insertion/extraction of Zn**, the
intercalated water molecules tend to come out of the
interlayers, which ultimately leads to the collapse of the
layered structure. Taking advantage of the above methods,
some research studies have combined the approaches,
preintercalating metal ions into VOH to synergistically
increase the stability of the layered structure. The results
show the metal ion-preintercalared VOH with improved
kinetics and stability, including Zng,sV,05-nH,O and
Cay,sV,04nH,0.”” In such structures, most hetero metal
ions are redox inactive, which will reduce the overall reversible
capacity of the compounds.

Here, we developed a new approach to boost the kinetics
and cyclability of VOH cathodes for aqueous ZIBs. The high-
performance cathode material is polyaniline (PANI) interca-
lated and exfoliated VOH, termed “PANI-VOH”. It was
prepared by preintercalating an aniline monomer into the
interlayers of VOH, followed by in situ polymerization. The
relatively simple low-temperature process results in the long-
chain structure of PANI, further exfoliating VOH into
nanosheets that resemble a few-layers of graphene. These
VOH nanosheets along with PANI provide abundant active
sites for reversible Zn* storage, resulting in a substantial
reaction-controlled (termed “capacitive”) contribution to the
overall capacity. The cycling stability of PANI-VOH is also
significantly improved over the VOH baseline. The details for
the relationship between the structure of PANI-VOH, its
electrochemical performance, and the associated redox
mechanisms are investigated and discussed.

2. EXPERIMENTAL SECTION

2.1. Synthesis of PANI-VOH. The aniline (AN) monomer
(99%) was purchased from Aladdin Co. Ltd. HCI (36.0—38.0%) and
H,0, were purchased from Chengdu Kelong Co. Ltd.,, and V,O;
(99.6%) was purchased from Alfa Aesar. All of the chemical reagents
were directly used without purification. PANI-VOH was synthesized
through a low-temperature chemical method. First, 2 mmol of V,05

was added to 80 mL of deionized water with the addition of 2 mL of
H,0,. After stirring for 1 h at room temperature, a red solution was
obtained. Next, 0.8 mmol AN was added into 150 mL of deionized
water. The acidity of the AN solution was adjusted using 1 M HCI to
obtain pH 2. After strong agitation, the V,04 aqueous solution was
added into the AN solution and held at 120 °C for 3 h. After this, the
precipitate was centrifuged and collected, followed by several
iterations of washing with deionized water. Finally, dark green solids
were obtained by freeze-drying for 48 h to remove the water. Baseline
VOH was synthesized through a comparable approach but without
adding AN.

2.2. Material Characterization. X-ray diffraction (XRD) analysis
was performed using a PANalytical X'Pert Pro diffractometer with Cu
Ka radiation (4 = 1.5406 A). Thermogravimetric analysis (TGA) was
performed using the Netzsch STA 449F3 analyzer in air, with a ramp
rate of 10 °C min~'. Raman spectroscopy analysis was carried out
using the Renishaw RM 1000-Invia A = 785 nm with the wavenumber
ranging from 100 to 2000 cm™'. Fourier-transform infrared (FTIR)
spectra were acquired on a Nicolet 6700 FTIR Spectrometer. X-ray
photoelectron spectroscopy (XPS) analysis was conducted using
PHIS000 Versa Probe III with Al Ke radiation. Nitrogen adsorption/
desorption isotherms were obtained using the Quadrasorb SI analyzer
at 77 K. The morphologies of the samples were characterized by the
field-emission scanning electron microscopy (FE-SEM) (FEI
INSPECT-F, 20 kV) and high-resolution transmission electron
microscopy (HRTEM) (Tecnai G2 F20 S-TWIN, 200 kV).

2.3. Electrochemical Analysis. Coin cell batteries (2032-type)
were assembled in an air atmosphere for electrochemical inves-
tigation. PANI-VOH and VOH electrodes were prepared by coating
a mixed slurry (active material, acetylene black, and a PVDF binder
with a mass ratio of 7:2:1) on titanium foil. The mass loading of the
PANI-VOH and VOH cathodes on the current collector was in the
1.8—2.0 mg cm™? range. Prior to being placed into the coin cells, the
electrodes were dried in a vacuum oven at 70 °C for 12 h. A standard
laboratory-grade zinc foil was used as the anode. Glass fibers (GF/A)
were used as separators, and a solution of 3 M zinc trifluoromethyl
mesylate (Zn(TfO),) + 6 M trifluoromethyl sulfimide lithium
(LiTFSI) was utilized as the electrolyte. LiTFSI (6 M) is added to
the Zn(TfO), electrolyte to create a water-in-salt structure.”> Such an
electrolyte enables an additional release of zinc ions while depositing
Zn** from solution, improving the overall cell stability, including the
Coulombic efficiency (CE). At the same time, such a high
concentration kinetically suppresses the thermodynamic decomposi-
tion of water during cycling. Galvanostatic charge—discharge testing
and galvanostatic intermittent titration technique (GITT) analyses
were carried out using Neware workstation at a current density of SO
mA g_1 and a charge/discharge time and interval of 800 s for each
step. Tests were conducted in the voltage range of 0.4—1.6 V, with
current densities ranging from 0.3 to 5.0 A g . CHI760 Shanghai
ChenHua workstations were utilized to perform the cyclic voltammo-
gram (CV) testing, using the voltage range of 0.4—1.6 V with a
scanning rate of 0.1 mV s~". Electrochemical impedance spectroscopy
(EIS) measurements were conducted in the frequency range of 107~
10° Hz with the AC amplitude of S mV.

3. RESULTS AND DISCUSSION

Figure 1 shows characterization results of the as-synthesized
PANI-VOH and baseline VOH microstructures. Figure la
compares the XRD results for PANI-VOH and VOH. It can
be seen that the diffraction peaks in both materials correspond
to the theoretical main diffraction peaks of VOH (PDF No. 25-
1006). In the baseline VOH, the (002) peak is at 6.66°,
corresponding to a layer spacing of 13.1 A. This indicates that
the intercalated water molecules have enlarged the layer
spacing from 10.6 A for anhydrous V,05°° The (002) peak of
PANI-VOH is at 6.24°, with an even larger layer space of 14.2
A. The presence of PANI in PANI-VOH was confirmed by
TG and FTIR analyses. As shown in Figure S1, it was found
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Figure 1. (a) XRD patterns of the as-synthesized PANI-VOH and
baseline VOH. (b) TGA—DSC profile of PANI-VOH heated in air.
(c) FTIR spectra of PANI-VOH and VOH. (d) Raman spectra of
PANI-VOH and VOH. High-resolution V 2p,,, and V 2p;,, XPS
spectra for (e) VOH and (f) PANI-VOH. (g) Schematic illustration
of the fabrication process for PANI-VOH.

e AN

that there is a significant weight loss (8.3%) below 150 °C,
which correlates with the loss of water molecules adsorbed on
VOH surfaces, rather than incorporated into the structure. The
secondary weight loss of 3% occurs at the temperature ranging
between 150 and 350 °C, corresponding to the loss of water
within the VOH structure.”” It can be calculated that the molar
ratio of water in VOH is about 0.3 so that the molecular
structure of VOH can be considered as V,0:-0.3H,0. As
shown in Figure 1b, there is a 6.1% weight loss that occurs
between 150 and 350 °C for PANI-VOH, more than twice
compared to that for VOH. This signifies that there is a strong
interaction of PANI with the bound water molecules. For
PANI-VOH, there is an additional 11.1% weight loss that
occurs between 350 and 600 °C. The thermal loss in this high-
temperature ran§e is attributed to the thermal decomposition
of PANTI in air.”®* Therefore, the weight content of PANI in
PANI-VOH is calculated to be around 11%.

Figure 1c compares the FTIR spectra for VOH and PANI—
VOH. The main infrared absorption peaks of VOH appear at
3483, 1617, 1014, 765, and 507 cm™, respectively. The peaks
located at 3483 and 1617 cm™" are indexed to the vibration of
hydroxyl in water, coming from the overlap of O—H for the
structural and absorbed water in VOH. The peak located at
1014 cm™ is ascribed to the vibration response of V=0 in
VOH. The two peaks at 765 and 507 cm™' represent the
characteristic absorption peaks of the V—O—V ring.*’ After the
introduction of PANI, the characteristic absorption vibration
of O—H binding coming from water (3430/1612 cm™") red
shifts about 53/5 cm™ compared to the absorption peak in
VOH. This means that the H—O binding energy of H,0O
becomes weaker in PANI—-VOH. This demonstrates that there
is a strong hydrogen bond interaction between H- of H,0O and
PANI-VOH due to the presence of PANI. For PANI-VOH,
the additional absorption vibration peaks appear at 1566, 1467,
1303, 1112, and 1057 cm™'. Among them, at 1566 and 1467
cm ! are the characteristic absorption peaks of quinone (N=
Q=N) and benzene (N—B—N) structures from PANI,
respectively.”® The peaks at 1303 and 1112 cm™ represent
the stretching vibration of C—N and the bending vibration of

aromatic C—H.”" The appearance of these peaks directly
confirms the polymerization of AN within the VOH layers. For
PANI-VOH, the V=0 peak in VOH at 1014 cm™" splits into
two peaks (995 and 1064 cm™). This means that there is an
interaction between —NH?" of PANI and V=0, giving further
evidence for in situ polymerization.*”

Figure 1d shows a comparison of the Raman spectra of
VOH and PANI-VOH. Both spectra show a strong character-
istic peak located at 153 cm ™, indexed as the V—O—V chain in
the VOH structure. For PANI-VOH, there are characteristic
C—H, C—N, and C=C vibration peaks at 1179, 1257/1350,
and 1564 cm™!, associated with PANL**** The relative
intensity of V=O—V peaks in PANI-VOH is weaker than
those of VOH. A characteristic peak from V=0 appears at
268 cm ™' and blue shifts 3 cm™' in PANI-VOH. This agrees
with the FTIR results, where there is a split in the absorption
peak. The Raman spectra show a stretching signal peak at 519
cm™' and a vibration peak at 695 cm™!, correlated to V;—O
and V,—0, respectively.’>***° In PANI-VOH, these peaks are
relatively weaker than those of in VOH, nominally due to the
intercalation of PANL

The bonding characteristics of VOH and PANI-VOH were
further evaluated by XPS. Figure le,f compares the V 2p, , and
V 2p;, spectra of VOH and PANI-VOH, respectively. There
are two typical peaks in the energy range of 512—527 eV,
which are ascribed to the V°* and V*' species, respectively.
This indicates that V°* is partly reduced in both VOH and
PANI-VOH. However, the peak intensity of V* in PANI—
VOH is much higher than VOH, indicating more reduction of
V5" to V** by the AN.***” Moreover, the binding energy of V**
for PANI-VOH blue shifts 0.3 eV, revealing the change of the
electron delocalization for V atoms from V—O layers after the
introduction of PANL*° From the above results, one can
provide a general description of the chemical changes that
occur during the synthesis process of PANI-VOH. Figure 1g
provides a schematic of this reaction, where the protonated
aniline (aniline-H*) along with the water molecules is
intercalated in the V,Oj interlayers, being attracted to VO;~
by the electrostatic assembly. Then, monoaniline-H" in situ
polymerizes to long-chain PANI, the process being catalyzed
by V,Os. During this process, the V=0 interlayers are further
expanded and exfoliated.

PANI-VOH displays a significant morphology difference
compared to VOH. As shown in Figure S2, VOH exhibits a
thick two-dimensional structure. According to SEM analysis
shown in Figure 2a, VOH displays a relatively smooth surface,
indicating minimal exfoliation by the water molecules. By
contrast, PANI—VOH exhibits a corrugated surface that is full
of pores. This is a typical surface morphology that results from
gas evolution during an in situ reaction, likely occurring during
the combined intercalation—polymerization process. SEM
analysis results for PANI-VOH are shown in Figure 2b. The
N, adsorption/desorption curves of PANI-VOH are shown in
Figure S3a. The curves display Type IV isotherms with H4
hysteresis loops. According to the BET test results (Table S1),
PANI-VOH possesses a higher Sprr than VOH, at 62.45 vs
2.53 m* g7', respectively. The pore size distribution curve of
PANI-VOH (Figure S3b) indicates a large size ranging from 4
to 100 nm. The large pore size distribution is attributed to the
stacking of the exfoliated sheets.

Figure 2c¢,d shows bright-fild TEM analysis VOH and
PANI-VOH, further highlighting the differences in their
morphology. While VOH is essentially a monolithic particle,

https://dx.doi.org/10.1021/acsami.0c10183
ACS Appl. Mater. Interfaces 2020, 12, 31564—31574



ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Figure 2. SEM and transmission electron microscopy (TEM)
characterization of the as-synthesized PANI-VOH and baseline
VOH microstructures. (a) SEM images highlighting the VOH
morphology. (b) SEM images highlighting the PANI-VOH
morphology. (c) TEM image further highlighting the VOH
morphology. (d) TEM image further highlighting the PANI-VOH
morphology. (e) HRTEM image highlighting the PANI-VOH
structure. (f) Selected area electron diffraction (SAED) pattern of
PANI-VOH. (g) TEM-EDXS elemental map of PANI-VOH,
showing the distribution of V, O, N, and C in the material.

the PANI-VOH material is an agglomerate of nanosheets.
The HRTEM analysis of PANI-VOH, shown in Figure 2e,
shows its layered structure and gives the thickness of the
nanosheets in the assembly. The thickness of the single
nanosheet assembly is 13 nm, with S agglomerated nanosheets
being discernable within it. Figure 2f shows the selected area
electron diffraction (SAED) pattern of PANI-VOH taken
from the same region as the HRTEM image. It indicates a
highly nanocrystalline structure with significant peak broad-

ening due to the fine size of the crystallites. Although some
lattice structure may be observed in the HRTEM images, the
material is effectively diffraction amorphous. Figure 2g shows
the TEM energy-dispersive X-ray spectroscopy (EDXS)
elemental maps of V, O, N, and C in PANI-VOH, confirming
the uniform distribution of PANI at the resolution scale of
EDXS analysis. It should be pointed out that PANI is both on
the surface and at the interlayers of VOH. The aniline
monomers will diffuse and polymerize at the interlayers of
VOH. In parallel, the aniline in solution will polymerize and
absorb on the VOH surface.

Figure 3 highlights the electrochemical performance of
PANI-VOH and the baseline VOH. Figure 3a shows CV
curves of PANI-VOH and VOH, taken at cycle 1, tested at 0.1
mV s™! between 0.4 and 1.6 V. In baseline VOH, there is one
pair of cathodic/anodic peaks, being centered at 0.97/1.1 V.
These represent the reduction/oxidation Vv during
intercalation/deintercalation of Zn”. By contrast, PANI—
VOH delivers four redox peaks, and these are labeled in the
figure. This implies a valence state transition from V°* to V**/
V* during the multistep intercalation of Zn**. The first redox
peak pair is at 0.9/0.99 V and corresponds to V>*/V*". This
peak pair exhibits a higher overall peak intensity and less
voltage polarization than the VOH baseline, indicating more
facile redox kinetics.”® The other three redox peaks are at
0.76/0.78, 0.62/0.74, and 0.45/0.55 V. The redox pair of 0.76/
0.78 V is ascribed to the protonation/deprotonation reaction
in PANI along with the intercalation/deintercalation of Zn**,
both being contributors to the reversible capacity.”””* The
remaining two pairs of peaks originate from further redox
reaction of V*/V** and V**/Vv3* >3%3$2563% Thege substantial
differences in the CV behavior reveal that the introduction of
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Figure 3. Electrochemical performance of PANI-VOH and baseline VOH. (a) CV curves for PANI-VOH and VOH, taken at cycle 1, tested at
0.1 mV s™" between 0.4 and 1.6 V. (b) First two galvanostatic discharge—charge curves for PANI-VOH, tested at 0.1 A g~". (c) Galvanostatic
discharge—charge curves of PANI-VOH, tested at currents ranging from 0.3 to 5 A g™". (d) Rate performance comparison of PANI-VOH and
VOH. (e) Ragone plot comparison of PANI-VOH with state-of-the-art vanadate ZIB cathodes from the literature. (f) Cycling performance of
PANI-VOH and VOH, tested at 1 A g™'. (g) Cycling performance and CEs of PANI-VOH and VOH, tested at 3 A g™".
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results for PANI-VOH and VOH. (d) GITT obtained Zn>* diffusion coefficient at different states of charge/discharge. (e) Internal reaction
resistance (RR) of Zn** in PANI—VOH and VOH at different states of charge/discharge.

PANI facilitates the multistep conversion of V**/V*/V** and
simultaneously provides additional sites for Zn>* storage.

Figure 3b shows cycle 1 and two galvanostatic curves of
PANI-VOH, tested at 0.1 A g~". In both cases, the voltage
plateaus are sloping, with a shift to an overall lower voltage
during the second discharge. The cycle 1 and cycle 2 charge
curves are nearly identical. Therefore, it appears that the main
irreversible changes to the PANI-VOH structure occurred at
cycle 1 discharge, whereas afterward the structure remained
stable. At cycle 1, the electrode delivers discharge/charge
capacities of 380/395 mAh g/, giving a cycle 1 CE of 96%.
The dQ/dV vs voltage curves reveal finer details of the redox
process, not intuitively ascertained from the raw galvanostatic
data. These results are shown Figure S4a, revealing two redox
peak pairs, qualitatively agreeing with the CV results. The
baseline VOH displays a single sloped discharge platform at
about 1 V, as shown in Figure SS. This plateau is ascribed to
the reversible reduction reaction of V**. The dQ/dV vs voltage
curves for VOH further verify a single pair of redox peaks, as
per Figure S4b. As a result, VOH only reaches a discharge/
charge capacity of 247/260 mAh g, with a corresponding CE
of 93%.

The galvanostatic discharge—charge curves of PANI-VOH
in Figure 3¢ show that the sloping plateau is maintained at high
charge rates. By contrast, the discharge curves of VOH, shown
in Figure S6, show a sharp decline without obvious plateaus.
The rate performance of PANI-VOH and VOH are compared

31568

in Figure 3d, and tests are performed at currents ranging from
0.3 to S A g '. At all rates, PANI-VOH displays much higher
capacities than VOH. For example, PANI-VOH obtains 346,
328, 303, 231, and 186 mAh g ' at 0.3, 0.5, 1, 3, and S A g™/,
respectively. For VOH, these values are 190, 185, 168, 136,
and 116 mAh ¢! at the same currents. Figure 3e shows
Ragone plots of the Znl[PANI-VOH battery, comparing it to
the state-of-the-art of the Znllvanadate cathode published in
the literature. The specific energy and specific power values are
obtained from the galvanostatic data, and the calculated values
are based on the weight of the active cathode. The Znl[PANI—
VOH battery displays favorable characteristics, for example,
216 Wh kg™' at 252 W kg™". Even at very fast charging, the
battery still achieves excellent energy, e.g,, 150 Wh kg™" at 3900
W kg™". Such Ragone characteristics are favorable compared to
other advanced and high-performance ZIB cathodes, such as
vanadate hydrates (Mg,V,04-nH,0,° Zn,V,0,(0H),-2H,0,”
CaV40,,3H,0%), vanadium oxides (Ag0.4V205,2222
K,V0,,'), efe 4174

Figure 3f shows the extended cycling performance, tested at
1 A g~'. PANI-VOH exhibits a reversible capacity of 255 mAh
g~! at the first cycle, which increases to 323 mAh g™ after 6
cycles, presumably due to improved wetting by the electrolyte
and/or material utilization. At cycle 800, PANI-VOH has a
reversible capacity of 259 mAh g, i.e., 80% of the maximum
and over 100% of the initial value. Tested at 3 A g_l, PANI-
VOH also displays 223 mAh g™' after 800 cycles,

https://dx.doi.org/10.1021/acsami.0c10183
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Figure 5. Electrochemical analysis of rate-limiting processes in PANI-VOH and VOH. (a, b) CV curves of PANI-VOH and VOH, obtained scan
rates of 0.1, 0.3, 0.5, 0.7, and 0.9 mV s™". (c) log(v) vs log(i) plots at the peak current. (d, e) Contribution ratio of diffusion-controlled vs reaction-
controlled (labeled capacitive) capacities in PANI-VOH and VOH, obtained at 0.9 mV s™". (f) Contribution ratio of diffusion-controlled vs

reaction-controlled capacities at different scan rates.

corresponding to 91% capacity retention. These results are
shown in Figure 3g. Figure S7 shows the associated
galvanostatic charge—discharge curves for the two current
densities presented at the selected cycle numbers. There is a
good overlap between the galvanostatic curves even after
extended cycling, indicating that the PANI-VOH micro-
structure remains stable. Judging from the extended stability of
the PANI-VOH electrode, it does not appear that the
structure is degraded to an appreciable extent. If some PANI
does diffuse out, it does so only gradually during the 800
cycles, potentially being the source of the minor capacity fade
observed. By contrast, after 800 cycles at 1 A ¢!, VOH retains
66% of its capacity and delivers 180 mAh g™'. A comparison of
cycling stability of PANI-VOH vs the most stable ZIB
cathodes is shown in Table S2. Systems included in the
comparison are V205;44 V,0;4 composites,g’45 VOH,46
H,V;04 "% vanadate (LiV;05 K,V30,;, CuV,04),"***
vanadate hydrate (Li,V,05-:nH,0, Na,V,0,41.63H,0,
K,V0,6-2.7H,0, CaV(0,,3H,0, Zn;V,0,(OH),2H,0,
Fe,V,505,(0OH),-9H,0),’?°°"** vOPO,-xH,0,’’
Na,V,(P0O,);,°° VO,(B),”” VS,°* VS,@VOOH,* and
V,S,>” It may be observed that PANI-VOH is among the
most stable.

The PANI-VOH electrokinetics were further analyzed
through the use of electrochemical impedance spectroscopy
(EIS) and galvanostatic intermittent titration technique
(GITT) analysis. These results are shown in Figure 4a—c.
For both EIS and GITT analyses, the PANI-VOH and the
baseline VOH were analyzed after 30 full charge—discharge
cycles performed at 0.1 A g~'. When the PANI-VOH and
VOH cells were charged to different voltages (0.4, 0.8, 1.2, and
1.6 V, at S0 mA g '), the Nyquist plots exhibit a semicircle
with an inclined line. The corresponding equivalent circuit fit
(inset in Figure 4a) includes contact resistance between the
electrolyte and Zn** (R,), the migrating resistance of Zn*"
ions through the surface layer and the charge transfer
resistance (R, + R,), surface film capacitance (CPELl),
double-layer capacitance (CPE2), and the diffusion process
of Zn®* within the active electrode corresponding to the
Warburg impedance (W).®” The fitted results are listed in
Table S3. It may be observed that, in general, the resistance of

PANI-VOH is consistently lower than that of VOH at every
voltage state. For example, in the discharged state of 0.4 V, the
R, + R, of VOH is 107.5 Q, which is twice higher than that of
PANI-VOH (55.5 Q). At the charged state of 1.6 V, the R, +
R of VOH is 51.2 ©, while for PANI-VOH it is 5.3 Q. The
EIS results further support the essential role of PANI in
boosting overall electrochemical kinetics of VOH, in this case,
by decreasing the impedances.

Figure 4c shows the GITT analysis that was employed to
evaluate the diffusion of Zn*" in the two materials. During the
charge/discharge process, PANI-VOH displays a smaller IR
drop at the same pulse and relaxation time. The IR drop
detected from the GITT curves are transformed into ion
diffusion coefficients D, ** and internal reaction resistances
RR, shown in Figure 4d,e. Comparing the RR values
throughout the entire charge—discharge process, it is apparent
that RR for PANI-VOH is consistently half the value for
VOH. The calculation details are supplied in the Supporting
Information, and follow the approach by refs 30, 61—63. As
shown in Figure 4d, during the discharge process, the Zn*"
diffusion coefficients in the PANI-VOH range from 5.6 X
107" em? 5! at 1.6 V to 3.6 X 107"* ecm® s™' at 0.4 V. By
contrast, for VOH, these range from 1.8 X 107 cm?s7'at 1.6
V to 4.9 X 107"* cm® s7! at 0.4 V. During the charge process,
Zn** diffusion coefficients in PANI-VOH are 6.8 X 107 cm?
st at 0.4 Vand 1.2 X 107 cm? s7! at 1.6 V, both values are
substantially higher than in VOH under the same conditions.
Both systems show a rapid increase in diffusivity at the
beginning of the discharge (1.6—1.2 V), remaining relatively
stable afterward (1.2 and 0.4 V). This agrees with prior reports
of higher ionic diffusivity due to the deep intercalation of
Zn>* % Overall, the Zn?* diffusion coefficient in PANI—
VOH is 10 to 100 times higher than in VOH during both
charge and discharge. This may be attributed to the role of
PANI and its s-conjugated structure, which reduces the
electrostatic interactions between Zn** and host 0>~ of V-0
layers. A parallel benefit of PANI, combined with the water
molecules between the layers of V,0s, is to synergistically
stabilize the wide Zn** diffusion channels.”*> PANI also
boosts the electrical conductivity of the electrode, allowing for

https://dx.doi.org/10.1021/acsami.0c10183
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sufficient electrical charge transfer to accommodate the rapidly
accumulating/depleting Zn*" in the lattice.

To further compare the reaction kinetics of Zn** in PANI—
VOH vs VOH, CV curves were generated at different scan
rates. These results are shown in Figure Sa. At scan rates from
0.1 to 0.9 mV s, there is a strong redox pair at 0.8/1.1 V.
This pair can be evaluated to understand the redox kinetics in
terms of being reaction-controlled (activation polarization) or
diffusion-controlled (concentration polarization). Although
activation polarization is often taken as capacitive contribution,
PANI-VOH, VOH, and related systems from the published
literature, the electroactive surface areas are insufficient to
generate appreciable current from surface adsorption per se.
Rather, what is meant by reaction-controlled in this case is a
kinetically facile bulk process, where solid-state or electrolyte
diffusional limitations are secondary.®°~® Mathematically, this
may be described by the following relations, originally obtained
for pseudocapacitive oxides. Although the mathematical
analysis remains identical, regardless of what b = 1 is taken
to mean, the relatively low surface of PANI-VOH and VOH
electrodes do not behave like capacitors.

i=ar (1)
i(v) = kyw + kyv'/? )

where i refers to the peak current cathodic or anodic currents,
labeled in Figure Sa. The scan rate is v, while a and b are
adjustable parameters. Figure Sc shows the calculated
reduction/oxidation b values for PANI-VOH and VOH,
which are 0.78/0.91 and 0.76/0.83, respectively. This indicates
that both materials are reaction-controlled, although qual-
itatively one may argue that PANI-VOH is closer to the ideal
b = 1. Figure Sd,e provides a visualization of the reaction-
controlled capacity contribution vs diffusion-controlled ca-
pacity contribution in PANI-VOH and VOH, obtained at 0.9
mV s~ For consistency, with the published literature, the
reaction-controlled contribution is labeled capacitive in the
figure. The reaction-controlled proportion for PANI-VOH
(94.9%) is substantially higher than that for VOH (80.0%).
This difference gets even larger at higher scan rates, as may be
observed from Figure 5f. These results agree with the GITT
and the rate capability results, and further highlight the facile
diffusion kinetics in the PANI-VOH nanosheets.

To understand the Zn>" storage mechanisms, post-mortem
XRD analysis was performed on PANI-VOH at different
charge/discharge voltages. When the battery discharges from
the initial 1.37 to 0.9 V, the (002) peak at 6.5° for PANI—
VOH becomes wider with its center shifting to a smaller angle.
This may be understood in terms of the expansion of V—O
layers due to Zn®* intercalation. This process corresponds to
the reduction of V** to V** and the formation of Zn,;V,0;
nH,0.%° When further discharged to 0.4 V, the peak from
Zny;V,0-nH,0O gradually decreases in intensity. Meanwhile, a
sharp peak initiates at 5.8° and may be ascribed to the
formation of Zn,V,05_,nH,0 (0.3 < x < 1.4), corresponding
to further reduction of V* to V3> This directly
confirms that a multivalent reduction process is active in
PANI-VOH. Additionally, a new peak is located at 12°, which
is related to the formation of Zn,;(OH),V,0,-2H,0 (PDF No.
87-0417).”°® The formation of Zn;(OH),V,0,-2H,0 is
ascribed to the enhanced interaction between Zn®* and
vanadium—oxygen layers accompanied by the reactions with
water molecules in the aqueous electrolyte.* Another new peak

near 18° may be ascribed to the formation of
Zn,(OTf),(OH),,_,nH,0, per prior reports. 69,70
Zn (OTf) (OH)Zx nHZO may form due to the reaction of
Zn* w1th OTf* and water, on the surface of the electrode.
After being fully charged, the 8 and 12° peaks disappear. When
the electrode is discharged to 0.4 V, the peaks at 5.8 and 12°
are again prominent. This illustrates the reversibility of the
transformation process.

Figure 6b shows the post-mortem HRTEM analysis of
PANI-VOH after discharge to 0.4 V, highlighting the
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Figure 6. Analysis of the phase transformations in PANI-VOH
galvanostatically ramped (0.1 A g™') to different states of charge
(voltage). (a) Ex situ XRD analysis at different states of charge,
labeled I-VIIL (b) HRTEM analysis of the structure after discharge to
0.4 V. (c) Associated SAED ring pattern. (d) HRTEM analysis after
charging to 1.6 V. (e) Associated SAED ring pattern. (f, g) High-
resolution XPS V 2p,,, and V 2p;,, spectra of fully discharged and
fully charged state samples, respectively. (h) Schematic illustration of
the charging and discharging reaction mechanism.

nanocrystalline structure (selected crystallites circled). Accord-
ing to Figure 6¢, a prominent ring in the associated selected
area electron diffraction (SAED) pattern corresponds to a
lattice spacing of 0.231 nm and is indexed as the (510) plane of
VOH (PDF No. 25-1006). The expansion of the VOH crystal
structure arises from Zn?* intercalation, agreeing with the XRD
results. When fully charged, PANI-VOH remains nanocrystal-
line, as shown in Figure 6d. According to Figure 6e, one set of
lattice plane spacings is measured to be 0.20 nm, which is the
(510) plane of VOH. In the SAED pattern, the two additional
indexed planes of VOH are (510) and (518). Examining the
HRTEM results of as-synthesized vs the postdischarge/charge
PANI-VOH, it can be concluded that the deep Zn**
intercalation process causes the crystallite size refinement.
This is expected to boost the electrochemical kinetics. The
substantial changes in the structure would also explain the
differences between the shapes of the first and the second
galvanostatic curves.

https://dx.doi.org/10.1021/acsami.0c10183
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Post-mortem XPS analysis was also applied to the PANI—
VOH and VOH specimens at different states of charge.
According to Figure 6f, when discharged to 0.4 V, PANI—
VOH displays strong peaks associated with both V* (516.8
eV) and V3* (515.4 eV),3’3O in comparison to VOH (Figure
S8) where these peaks are less prominent. In parallel, for
PANI-VOH, the peak intensity associated with V°* (517.8
eV) is sharply decreased. However, V>* was barely detected in
the VOH when discharge to 0.4 V (Figure S8a). Rather, the
VOH still maintains the V>* peak (516.7 eV) after discharge to
0.4 V. When charged to 1.6 V, PANI-VOH reverts
approximately the same intensity for V**, as the as-synthesized
sample analyzed by XPS and shown in Figure 1f. By contrast,
there is little V** that remains in VOH when charged back to
1.6 V, indicating some level of structural disintegration from
the onset (Figure S8b). Therefore, it may be concluded that
the higher reversible reduction capability of vanadium ions in
PANI-VOH directly accounts for its higher reversible
capacity. For N 1s of PANI in PANI-VOH, there are three
peaks at 400.8, 399.2, and 398.3 eV, corresponding to the
binding energies of —N*=, —N—, and —N= at a full
discharge state, respectively. Figure S9 shows those results.
When battery charges from 0.4 to 1.6 V, the binding energy of
—N-— gradually transforms into —N*= and —N=. This
verifies that PANI is involved in the electrochemical reaction
through a doping/dedoping reaction.”**

Figure 6h illustrates the electrochemical mechanism of
PANI-VOH derived from the above analytical data. During
the initial discharge process, Zn®" ions intercalate into the
oxide and further expand the layered structure. Then, two new
phases of Zn,V,0,_,-nH,O0 (0.3 < x < 1.4) and
Zny(OH),V,0,2H,0 are formed, both being nanocrystalline.
This process is aided by the exfoliated nanosheet morphology
of PANI-VOH, which reduces the solid-state diffusion
distances. Meanwhile, the incorporation of PANI increases
the ion solid-state diffusivity by one to two orders of
magnitude, both during charge and during discharge. During
the charge process, Zn®>" ions are deintercalated from
Zn,V,0s_nH,0 (0.3 < x < 1.4) and Zny(OH),V,0,-2H,0
nanostructures. In the process, these phases transform back
into the parent VOH structure but with a refined nanocrystal-
line size as well. During the subsequent charging—discharging
cycling, these nanocrystalline structures remain stable, as
indirectly inferred from the close overlap of the galvanostatic
and CV curves after the second discharge.

4. CONCLUSIONS

Vanadium oxygen hydrate (VOH) cathodes for aqueous zinc-
ion batteries (ZIBs) are limited in performance due to the
kinetic difficulty of reversibly intercalating Zn*" into their bulk
structure. In this work, a new approach is employed to facilitate
the surface charge transfer at VOH interlayers and thereby
obtain improved Zn>" storage kinetics and cyclability. Polyani-
line (PANI) intercalated—exfoliated VOH (termed PANI—
VOH) is synthesized through the preintercalation of an aniline
monomer and its in situ polymerization within the interlayers.
The resulting graphene-like VOH nanosheets possess one to
two orders of magnitude improved solid-state diffusivity,
leading to significantly faster charging—discharging kinetics,
allowing the material to undergo the full V** to V** redox
reaction. In parallel, the intercalated PANI promotes enhanced
structural stability of the VOH during cycling. The multi-
electron transform ability in PANI-VOH is ascribed to the
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unique 7-conjugated structure of PANL. It effectively alleviates
electrostatic interactions between Zn** and host O*~ of V-0
layers, increasing the solid-state ion diffusivity by more than an
order of magnitude. PANI also stabilizes the ion diffusion
channels in the oxide, while improving the ion charge transfer
kinetics and electrical conductivity of the electrode.
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