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Abstract: According to the intercalation mechanism, a proper modulation on channel structures
of metal oxides is crucial to reversibly accumulate large zinc ions with high surface charge
density for improving aqueous zinc-ion battery performance. However, the irreversible
structure-transition commonly results in serious capacity decay and low specific capacity.
Herein, polyanilines are in-situ intercalated into the layered vanadium oxide in order to enlarge
the lamellar spacing for enhancing the zinc-ion battery performance. With enlarged lattice
spacing, the polyaniline intercalated vanadium oxide coupled with a Zn electrode exhibited a
large specific capacity of 372 mAh g* and good cycling stability. More importantly, in-situ
characterization results revealed that the polyaniline intercalated vanadium oxide allows the
accumulation of additional zinc ions without obvious phase transformation and the conjugated
polymeric chains enable the structure flexibility in the confined layer space to relieve the
intercalation stress for improving cycling stability. Additionally, findings from the in-situ
infrared spectroscopy measurements elucidated the charge storage mechanism of the battery.
Reversible doping processes of PANI molecules in vanadium oxide allow the involvement of
multiple ions in the charge storage process, improving battery performance. Uncovering the
origin of improved charge storage mechanism is of importance in rationally designing advanced
materials with unique organic and inorganic features for high-performance aqueous zinc-ion

batteries.



1. Introduction

Lithium-ion batteries (L1Bs) has made significant achievements for energy storage and portable
applications.™1 Along with sharply increasing demands on high-performance energy devices,
it’s an urgent requirement to design alternative batteries with better safety and large energy
density. With an aqueous electrolyte, the metallic Zn has been coupled with intercalation
compounds to fabricate safe and high-performance zinc-ion batteries (ZIBs).1*"1 Notably, the
aqueous electrolyte with good ion-transfer ability is able to eliminate the safety issues caused
by organic electrolytes. With a low redox potential (-0.76 V versus standard hydrogen electrode
(SHE)), the metallic zinc can provide a high theoretical capacity of 820 mAh g via the two-
electron redox process.®! Therefore, the aqueous ZIBs are highly promising alternative energy
storage devices for future applications.”!

Alkaline zinc-manganese primary batteries have been commercially used for a long time.[*%
11 However, the recent research efforts have been made to fabricate rechargeable high-
performance ZIBs via rational designs of electrode materials, a better understanding of energy
storage mechanisms and optimizations of electrolytes.'?l Typically, manganese oxides,
Prussian blue analogues, vanadium-based oxides, and other intercalation compounds are used
as the cathode of aqueous ZIBs.[*3 141 However, polymorph manganese oxides often exhibit
poor cycling stability due to the phase transformation, whereas the specific capacity of Prussian
blue analogues is relatively low owing to the narrow ion channel and poor electrical
conductivity. Vanadium-based oxides with relatively good stability and fairly large capacity
have been the focus of current research on aqueous ZIBs due to the layered structure.l*> €I
According to the traditional ion insertion/extraction mechanism, the large lattice channels are
the basic requirement to reversibly accumulate large Zn?* ions for the energy storage process.*’]
H* ions are proposed to be involved in the energy storage process, enhancing the specific
capacity of aqueous ZIBs.[®l Additionally, the structure collapse caused by irreversible

structure transitions is a pressing challenge for improving cycling stability of electrode
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materials. Recently, the polyaniline cathode delivered a long cycling life up to 3000 cycles on
the basis of the reversible redox conversion reactions, but the specific capacity is lower than
100 mAh g*.1° Notably, the intercalation of conductive polyaniline in the mesostructured
vanadium oxide has been extensively investigated due to unique ion- and charge-transport
characteristics.[??l Especially, the intercalation of PANI chains into vanadium oxide was
demonstrated to expand the mesopores and enhance the electrical conductivity of the resultant
nanocomposite,?*l which would enhance the batteries’ performance. Unfortunately, to our best
knowledge, the polyaniline intercalated vanadium oxide with a unique layer structure has not
been reported for high-performance ZIBs. That requires a deeper understanding of the energy-
storage mechanism.

Herein, the in-situ intercalation process was demonstrated to regulate the interlaminar space
of layered vanadium oxide (V2Os) by intercalating polyaniline as guest materials. Specifically,
the redox reaction between V20s and aniline monomers enabled the gradual intercalation of
polyaniline chains among the interlaminar spaces of vanadium oxide with mixed valences. The
intercalated structure was optimized by adjusting the ratio between vanadium oxide and aniline
monomers in order to reversibly accumulate zinc ions. Thus, the aqueous ZIB exhibited a high
specific capacity of 372 mAh g* at a current density of 0.5 A g, superior to the recently
reported results.? 21 More importantly, the reversible storage mechanism for the ZIB in the
intercalated V20s with polyaniline was elucidated for the first time through findings from in-
situ X-ray diffraction and in-situ infrared spectroscopy. A better understanding of the
intercalation mechanism with polyaniline as the guest material is of importance in correlating
the structure and composition information of intercalative materials with the electrochemical
performance of ZIBs, providing general principles for the rational design of advanced electrode
materials via the intercalation chemistry.

2. Results and discussion

2.1. Characterizations



As demonstrated in Figure 1a, the in-situ intercalation of vanadium oxide was achieved via
a one-pot hydrothermal method (see Experimental Section). XRD analysis was performed to
verify the successful intercalation of polyaniline into the layers of V.Os (Figures 1b & S1). In
comparison with the multiple diffraction peaks of the orthorhombic V20s precursor (JCPDS
Card no. 41-1426), a large proportion of diffraction peaks disappeared after the hydrothermal
treatment. Notably, the strongest peak for the (001) plane of V20Os is shifted from 20.3 to 6.2°,
suggesting the increasing lattice spacing. The calculated interlayer distance is about 1.42 nm,
much larger than that of the original V.Os precursor (~0.44 nm, Figure S2d), which would be
contributed to the intercalation of polyaniline. The recent studies have revealed that the lattice
spacing of vanadium oxides can also be enlarged by introducing the structural water and/or the
interaction of Zn?* ions along with water molecules.[*> 24 Typically, the lattice spacing of
vanadium oxides is up to 1.26, 1.29 nm via the introduction of structural water
(V20s-nH.0O/graphene), the intercalation of Zn?** ions and water (Zno2sV20s-nH20),
respectively. The introduction of water into vanadium oxides prepared via the hydrothermal
method can not be avoided, which even can be achieved by the simple immersion into an
aqueous electrolyte.[*®] Nevertheless, the lattice spacing of the vanadium oxide intercalated with
polyaniline and partial water in the present work is as large as 1.42 nm, which is the largest one,
to the best of our knowledge. Therefore, the large lamellar structure would be attributed mainly
to the interaction of polyaniline. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were performed to investigate the morphology of the intercalated
V205 sample prepared in the presence of 100 uL aniline monomers (PANI100-V20s). In
comparison with the vanadium oxide nanoparticles (Figure S2), the SEM images (Figures 1¢ &
d) exhibit the uniform flakes with a thickness of around 8-10 nm. These nanosheets are
interconnected each other to form the urchin-like structure. TEM images (Figures 1 e & f) show
the thin-layer nature of nanosheets. High-resolution transmission electron microscopy

(HRTEM) was employed to further characterize the interplanar spacing of (001) and the d-
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spacing is measured to be around 1.43 nm, in good agreement with the XRD results, suggesting
the presence of guest materials. According to FTIR spectra (Figure 1h), the characteristic bands
at 495 and 621 cm™ are attributed to the symmetric and asymmetric stretching modes of V-O-
V in V20s precursor. The absorption peak at 833 cm™ is related to the vibration of O-(V)s while
the peak at around 1020 cm™ is assigned to V=0 stretching vibration.[>?"1 After the
hydrothermal reaction, the new bands at 1569 and 1610 cm™ are corresponding to the
characteristic C=C stretching mode of benzenoid and quinonoid rings, respectively while the
bands located at 1304 and 1468 cm™ are related to the C-N and C=N stretching vibration. 28 2°]
Additionally, the new bands at 1133 and 1242 cm™ are assigned to the C-H bendings of the
quinonoid- and benzenoid-rings, respectively. The features suggest the formation of protonated
polyaniline. The electronic conductivity of polyaniline is dependent on doping degrees and
would further change the electrochemical performance. More importantly, the two typical
bands at 495 and 621 cm™ for stretching modes of V-O-V were merged into a broaden one
centered at 534 cm™ after the hydrothermal reaction, which could be contributed to the
restricted stretching due to the presence of guest molecules between the layers. The shifting to
the low band number of 1003 cm™ for the V=0 band suggests the formation of hydrogen
bonding (N-H---O=V) between PANI and vanadyl groups. This was also confirmed by Raman
spectra (Figure S3). These results suggest the successful intercalation of V20s with PANI.
According to the results of DSC/TGA (Figure S4), the weight loss (2.5%) below 150°C is
mainly attributed to the physically absorbed water. Subsequently, one decalescence peak
appears at around 287°C, corresponding to the loss of structure water (10.9%). A significant
weight loss between 345-426°C can be contributed to the thermal decomposition of PANI in
air.B% 31 After the thermal treatment, although the annealed V20s exhibits similar nanoflakes
with a larger thickness (Figure S5), the XRD diffraction peaks are indexed to the orthorhombic

V205 (JCPDS 41-1426, Figure S6) without intercalation due to burning out of polyanilines. The



content of V element is determined to be 40.6 wt% by ICP-MS test, comparable to the TGA

result (Table S1).The above results confirm the formation of PANI intercalated vanadium

oxides with the molecular formula of V205-0.3CgHgN-1.5H,0.
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Figure 1. a) Schematic illustration for extending the interlaminar spacing of V.Os via the
intercalation with PANI. b) XRD pattern of V205 precursor and intercalated V2Os with different
amount of PANI. ¢, d) SEM images of PANI100-V20s. e, f) TEM and g) HRTEM images of
PANI100-V20s. h) FTIR spectra of V205 precursor and PANI100-V20s,

On the basis of the above observations, the interconnected nanosheets were formed along
with gradually crystalline changes under the hydrothermal treatment. It was reported that the
aniline monomers polymerized among the defined spaces of layered montmorillonite.*2 In
contrast, the present case demonstrated that the polymerization of aniline monomers and
gradual intercalations led to the formation of polyaniline intercalated vanadium oxide with
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broadening interlayer space. Typically, the redox reaction between V.0s and the aniline
monomers under hydrothermal treatment is responsible for the in-situ intercalation of
polyaniline, accounting for the partial reduction of vanadium oxide.

To further reveal the effect of polyaniline on the intercalation process of vanadium oxide,
the amounts of aniline monomers was changed from 60 to 120 uL. As displayed in Figure S7,
the V205 particles are aggregated covered with short nanosheets in the presence of aniline
monomers (60 uL). With gradually increasing aniline monomers, the bulk material transforms
into nanoflakes with a larger size and thinner thickness. With the addition of 100 uL aniline
monomers, the final product shows uniform nanoflakes interconnected with each other. More
importantly, the low-angle shift of (001) diffraction peaks with the increasing interlayer spacing
can be contributed to the gradual intercalation of polyaniline with increasing aniline contents
(Figure 1b). At the same time, the formation of polyaniline chains can also contribute to the
preferable formation of the V20s nanosheets with a larger lattice spacing. Increasing the
hydrothermal temperature to 160°C, XRD pattern suggests the formation of monoclinic VO>
(JCPDS 81-2392, Figure S8) due to the further reduction. However, the nanoflakes were
transformed into nanorods with diameters of tens to hundreds of nanometers (Figure S9). The
results indicate a suitable temperature is favorable to the gradual intercalation of polyaniline
among vanadium oxides.

The survey X-ray photoelectron spectroscopy (XPS, Figure S10) B3 shows the existence
of V, O, N, C elements. The core-level V 2ps/> can be divided into two bands at 517.5 and 516.2
eV, corresponding to V°* and V**, respectively. The presence of low valence with a V°>*/V**
ratio of around 4.3 according to the peak area indicated the partial reduction of vanadium oxide
during the polymerization of aniline. The bands located at 530.1 and 532.3 eV are
corresponding to the O 1s in V205 and the adsorbed water in the interlayer, respectively.

Importantly, the band situated at 399.9 eV can be fitted into three bands for the quinoid imine



(-N=, 399.2 eV), benzoid amine (-NH-, 400.1 eV) and positively charged nitrogen (-N*-, 402.3
eV), respectively, confirming the formation of polyaniline.

2.2. Electrochemical performance
The electrochemical performances of samples were investigated in a two-electrode

configuration by coupling with a polished zinc plate in 3 M Zn(CF3SO:s). electrolyte. As a
comparison, the pure PANI nanofibers with the diameter of 20-30 nanometers (Figure S11)
were synthesized according to an oxidized polymerization process. The XRD pattern with three
diffraction peaks located at 9, 20 and 25° suggested the high crystallinity and proton doped
characteristic of PANI (Figure S6).3* 31 The CV curve in the Figure 2a exhibits a sharp
oxidation peak at 1.10 V and a wide reduction peak at 0.76 V, that can be contributed to the
redox process of polyaniline without obvious ion insertion/extraction feature. Similarly, the
annealed V20s electrode also exhibits the non-featured CV curves at the given scan rate. Three
pairs of non-obvious redox peaks at the low scan rate of 0.1 mV s rapidly disappeared with
increasing the sweeping rate (Figure S12). The results indicated that the slight
insertion/extraction of zinc ions can be achieved at the annealed vanadium oxide electrode, but
cannot at the polyaniline electrode due to the sluggish kinetic process and the large size of
hydrous zinc ions. In contrast, the CV profiles of PANI100-V20s demonstrated three pairs of
cathodic/anodic peaks at 0.70/0.48, 0.87/0.71 and 1.00/0.89 V. The well-defined peaks with
good reversibility suggest the multi-step charge storage process, which is different with the
simple insertion/extraction process of the reported ZIBs based on V.0s cathodes.['”: 24 361 The
typical intercalation feature is expected to enhance specific capacity and accelerate the ion
kinetics for high-rate performance.

To reveal the influence of polyaniline intercalation on the electrochemical performance of
samples, various samples prepared by changing the amount of aniline monomers and
hydrothermal temperature were also examined by using the cyclic voltammetry. Even in the

presence of a small amount of aniline monomers (60 uL), the resultant sample exhibited the
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enhanced intercalation feature of zinc ions with the obvious peaks in comparison with the pure
vanadium oxide at a given scan rate (Figure S12b & S13a). With increasing the amount of
aniline, the CV curves gradually exhibit three pairs of typical redox peaks and the PANI100-
V>0s electrode exhibits the largest curve area, corresponding to the largest specific capacity
(Figure S13a-d). The peak potentials of each redox couple were measured to evaluate the
reaction reversibility. The smaller potential difference suggests the lower polarization with
improved reversibility. Accordingly, good reversibility can be achieved at the PANI100-V20s
electrode (Figure S13e). These experimental results revealed that the intercalation of vanadium
oxide with polyaniline gradually can extend the lattice spacing, and thus enhance the Kkinetic
process for improving the electrochemical performance. However, the excessive aniline was
polymerized on the surface of V20s (Figure S7), slowing down the Kinetic process of electrode
reaction. Moreover, excessive intercalation of polyaniline molecules can deteriorate the
stability of the lattice structure, resulting in poor rate performance and cycling stability.
Therefore, favorable electrochemical properties were achieved at the sample prepared in the
presence of 100 uL aniline. The detailed electrochemical tests of assembled ZIBs (Figure S14)
further revealed the optimized performance achieved by the appropriate intercalation with
polyaniline.

The CV test was performed at 0.1 mV s to evaluate the cycling stability of PANI1100-V2Os
cathode. The obvious activation process is observed on the basis of the derivation of the first
cycle of CV from the subsequent ones. The highly overlapped CV and galvanostatic
charging/discharging curves (Figure 2b & S15) suggest good reversibility during the cycling
test. The initial specific capacity was 348 mAh g and improved up to 372 mAh g via the
activation process. As shown in Figure 2c, the specific capacities of PANI100-V.0s cathode
are around 360, 342, 318, 272, 236 and 216 mAh g, respectively at increasing current density
from 0.5, 1, 2, 5, 8 to 10 A g*. The specific capacity of the annealed vanadium oxides gradually

increased to around 352 mAh g, comparable to that of PANI1100-V,0s. However, when the
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current density was increased by 20 times, the capacity retention is around 60% for PANI100-
V205, which is higher than those of PANI (50%) and the annealed vanadium oxide (5%). The
results are in good agreement with that of CV measurements, highlighting the good high-rate
performance of PANI-V20s possibly due to the extended interlaminar spacing. When the
current density returned to 0.5 A g, the reversible capacity of PANI100-V20s was 351 mAh
g, demonstrating the good reversibility and hence long-term cycling stability. Prior to
evaluating the long-term cycling life, the ZIBs were firstly activated at 0.5 A g* for 10 cycles.
The initial discharging capacity of 275 mAh g* at a current density of 5 A g and maintained
at 208 mAh g after 2000 cycles. Impressively, the specific capacity and cycling stability of
Zn/IPANI100-V20s battery are superior to the vanadium-based aqueous rechargeable ZIBs
reported recently (Table S2), demonstrating the great potential for next-generation energy
storage.[” 1* 231 |n contrast, the capacity retention of the annealed V2Os is only 53%. As no
obvious intercalation feature of zinc-ion was observed at the PANI electrode, the redox process
of PANI with the possible proton doping/de-doping process led to an acceptable capacity
retention of around 90% over 2000 cycles (Figure 2e).

To elaborate on the relationship between crystal structure and electrochemical performance,
the samples were prepared at the hydrothermal temperatures of 120 and 160 °C for comparison.
Similar to that of the PANI100-V20s cathode, the CV profile PANI-V>05-120 cathode exhibits
three-pairs of redox peaks with good reversibility (Figure S16a). However, the specific capacity
of 297, 276, 233, 199, 183 and 133 mAh g at the current density of 0.5, 1, 2,5, 8 and 10 A g
! respectively are relatively smaller than those of PANI100-V,0s and the capacity retention is
about 85% after 100 cycles, that is lower than that of PANI100-V20s (97%) (Figure S17a-c).
The PANI-V20s-160 electrode exhibited the distorted CV curves without obvious peaks (Figure
S16b), suggesting the poor intercalation process. The galvanostatic charge-discharge tests also
exhibited poor rate-performance (Figure S17d-f). The results demonstrated the electrochemical

properties of as-prepared samples are highly dependent on the preparation process with the
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polyaniline intercalation. At the low hydrothermal temperature of 120 °C, PANI was introduced
into the vanadium oxide for improving the facile intercalation of zinc ions. However, the low
crystallinity of PANI-V20s-120 was not able to maintain the lamellar structures for long-life
stability. In contrast, the formation of nanofibers with obviously small lattice spacing (Figure
S9) suggested that PANI can not be intercalated into vanadium oxide at the higher temperature
of 160 °C, resulting in much poor performance.

According to the electrochemical impedance spectra (EIS, Figure S18a), the smaller
semicircle for the PANI100-V2Os suggests the lower charge-transfer resistance in comparison
with the pure PANI and the annealed V.Os. The mesoporous structure with the improved
electronic conductivity of PANI via the doping allows the multiple ions accessible for
improving electrochemical properties (Figure S19).Y Especially, the quite small solution
resistance can be ascribed to the superior wettability of the electrode materials in the electrolyte
(Figure S20). These unique features obviously contribute to the favorable interaction process
of PANI100-V20s electrode in the aqueous electrolyte of Zn(CFsS0s), (Figure S21-22).
Additionally, the charge transfer resistance is about 50 Q initially, subsequently increased to 90
Q at the 100th cycle, but no obvious increase is observed even after the 500th cycle. The results
indicated the formation of a stable electrode-electrolyte interface without obvious structure
change during the long-term cycling test (Figure S23). Meanwhile, thin nanoflakes without the
formation Zn dendrites were observed at the surface of Zn anode after the continuous cycling
test, which can also contribute to the improved cycling stability (Figure S24). Notably, the
interaction of vanadium oxide can also be achieved by using polypyrrole on the basis of the
same preparation process (Figure S25). However, the relatively poor battery performances were
observed (Figure S26) in comparison with PANI100-V,0s electrode, which can be contributed
to the different molecular structure of polypyrrole. A deeper study is needed to understand the

different performance in the future. Nevertheless, the present method provides a general
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approach to enhance the performance of vanadium oxide via the pre-intercalation with

conducting polymers.
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Figure 2. a) Cyclic voltammetry curves of PANI, PANI100-V20s and the annealed V20s
electrode. b) Galvanostatic charge/discharge profiles of PANI100-V.Osat 0.5 A g*. ¢) Rate
performance and d) the corresponding charge/discharge curves of PANI100-V20Os at various
current densities. ) Cycling performance of PANI, PANI100-V20s and annealed V20s at 5 A
gt for 2000 cycles.

To gain deeper insight into the electrochemical kinetics of polyaniline chelated vanadium
oxide electrode, the cyclic voltammetry (CV) measurement was carried at the scan rate range
of 0.1 to 1 mV s (Figure 3a). Three pairs of highly symmetrical redox peaks with a slight
potential shift with increasing scan rates suggest the highly reversible redox reactions. The
qualitative description of electrode reaction process is established according to the proposed
relationship between current (i) and scan rate (v):

i=av’ (1)
where a and b are adjustable parameters. The b values of six peaks were calculated to be 0.84,
0.94, 1.01, 0.86, 0.88 and 0.91 (Figure 3b), suggesting the dominant surface controlled

behavior.[": 31 Considering the hybrid composition and intercalation structure of the present
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electrode material, the contribution of surface capacitance is determined according to equation
(2):
i =kyv+ kw2 (2)

where kiv and kov12

represent the current contribution from surface capacitance and diffusion-
controlled faradic process, respectively. The contribution ratio of surface capacitance was
calculated to be 71.9, 75.9, 80.5, 84.9, 88.3 and 88.9% at the scan rate of 0.1, 0.3, 0.5, 0.7, 0.9
and 1 mV s, respectively (Figure 3¢ & Figure S27). Different from the bulk materials, the
energy storage process of PANI100-V20s electrode is dominated by the surface capacitance
due to the thin nanoflake structure with abundant mesopores (Figure S19), which can contribute
to the high-rate performance and stability for Zn-ion storage. The galvanostatic intermittent
titration technique (GITT) technique was performed to determine the Zn?* ion diffusion

coefficient (D, cm? st) of the PANI100-V20s cathode (Figure 3d). On the basis of the enlarged

galvanostatic charge/discharge curves (Figure 3e & S28), the D values calculated are in the

range of 1.5 ~ 4.3x 107 and 1.0 ~ 3.4 X107 cm? s during the charge and discharge process,

respectively, which are higher than those of the reported materials for ZIBs (Table $3).E3 %I
The larger diffusion coefficient highlights the unique features of composite electrode for
favorable zinc ion diffusion. It has been revealed that the structural water molecules act as a
shielding layer can effectively weaken the electrostatic interaction between zinc ion and lattice
oxygen, thus enhancing the diffusion coefficient of zinc ions. B% In the present case, the PANI
plays the crucial role in enlarging the lattice spacing (1.42 nm) of vanadium oxide in addition
to the small amount of water. The large spacing would provide favorable channels for the rapid
Zn?* diffusion. Additionally, the charges and electrons are able to be shared among the
polyaniline chains via the m-n conjugated structure.[*?) Therefore, the polyaniline chain as
flexible pillar would facilitate the rapid transport of zinc ion along with doping/de-doping

process, resulting in the larger diffusion coefficient of zinc ion. It suggests the favorable kinetic
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process of electrode materials for zinc ion storage, leading to good high-rate performance.
Furthermore, the negligible differences in the diffusion coefficient between the charge and

discharge process (Figure 3f) show the good reversibility of zinc ions insertion and extraction

process.
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Figure 3. a) CV curves of PANI100-V,0Os at various scan rates. b) The linear fitting curves of
log i versus log v according to the CV results in (a). ¢) Diffusion-controlled and surface
controlled contributions to capacity at various scan rates. d) Galvanostatic intermittent titration
technique (GITT) curves at the current density of 0.2 A g and the selected steps e) during the
charging process. AEs and AE; are corresponding to the steady-state potential change by the
current pulse and the voltage change during the constant current pulse, respectively. f) The
corresponding Zn?* diffusion coefficient at various states of charging and discharging process.

2.3. Mechanism discussion

To investigate the underlying energy storage mechanism along with the structural evolution
of PANI intercalated vanadium oxide, in-situ XRD measurements were performed during the
charging/discharging process. As demonstrated in Figure 4a & b, the XRD patterns revealed
that the crystal structure of PANI100-V20s is fully reversible during the intercalation and

extraction of Zn?* ions. Upon discharging process, the peaks of (00I) lattice planes shifted to
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small angles owing to the intercalation of Zn?* ions. At the end of the first discharge platform
located at 0.82 V, around 0.36 mol of Zn?* ions is intercalated into the interlayer of PANI100-
V205 electrode (V20s5:-0.3CsHeN:-1.5H20) according to the specific capacity tested. With the
increasing amount of intercalated Zn?* ions, new diffraction peaks observed at 5.5, 11.1, 16.6°
suggest the interlayer spacing is enlarged to around 1.62 nm. It has been reported that the
irreversible structure transition, including the phase transformation, is due to the lattice volume
expansion, resulting in poor stability of electrode materials.[*t' 421 In the present case, the
expansion of pristine phase was calculated according to the slight peak shift from 25.1 to 24.5°
for the (004) lattice plane, which is corresponding to the interplanar distance extended from
0.35to 0.36 nm. The similar lattice variations were also detected at 44.8 and 58.4° for the (007)
and (009) lattice planes, respectively. The negligible spacing change is more favourable to
maintain the stability of the bulk structure. More importantly, the accumulation of more Zn?*
ions can be achieved via the smoothly enlarging interlayer spacing from 1.42 to 1.62 nm, as
calculated from the variation of diffraction peaks (Figure 4c), leading to the larger specific
capacity. Upon the charging process to 1.4 V, the (00l) peaks of pristine phase gradually
returned to the initial state, and no additional impurity was observed during the whole cycling
process, further suggesting the good structure reversibility.*> To demonstrate the superior
features of V20s5:0.3CsHsN-1.5H,0, the structure changes of the annealed sample without
polyaniline guest material was also detected by using the in-situ XRD method (Figure S29).
The initial diffraction peaks matched well with the orthorhombic V20s (JCPDS 41-1426). For
the discharging process, the peaks of crystal faces (200), (001), (301), (011), (310), (002) and
(411) disappeared with the intercalation of Zn?* ions. The large structure changes for the
accumulation of Zn?* ions was due to the narrow ion channels, resulting in low capacity and
poor reversibility. It is evidenced that the intercalated amount of Zn?* ions was calculated to be

0.25 mol, that is less than that of V20s-0.3CsHsN-1.5H,0 (0.36 mol). Therefore, the polyaniline

16



intercalated V.Os with larger interlaminar spacing is able to provide enough space for
accumulating additional Zn?* ions. The conjugated PANI chains as interlayer pillars would
provide the structure flexibility in the confined space to reversibly buffer the layer spacing
expansion. It has been revealed that the precise synthesis of the vanadium oxide nanostructures
with specific crystal planes is crucial to provide open interlayers for facile sodium ion
intercalation.*® %4 In contrast, the present work demonstrated that PANI is favorable to regulate
the lamellar structure of vanadium oxide with the flexible organic pillar for enhancing the
specific capacity and also effectively buffering volume changes for the good cycling stability.
The plausible charge storage process (Figure 4c) demonstrates that the reversible intercalation
of zinc ions at the PANI100-V20s electrode with the stable (001) crystalline structure avoids
the phase transformation for improving cycling stability.

To further elucidate the energy storage process, X-ray photoelectron spectroscopy (XPS) was
conducted to examine the various statuses of the PANI100-V.Os electrode for the
charging/discharging process. As shown in figure 5a, C, N, V, O, F, Zn elements are detected
in discharged (0.4 V) and charged states (1.4 V). The initial V' 2ps/2 signal can be split into two
peaks at 517.6 and 516.3 eV, corresponding to the VV®* and VV**, respectively (Figure 5b).[*> 461,
However, no Zn element is found in the initial state (Figure 5c). For the preparation of the PANI
intercalated V2Os in the acidic solution, the formation of protonated polyaniline is responsible
for complementing the electronic conductivity via the doping process. Specifically, the N 1s
signal (Figure 5d) is deconvoluted into three peaks, corresponding to the quinoid imine (-N=,
399.4 eV), benzoid amine (-NH-, 400.2 eV) and positively charged nitrogen (-N*-, 401.4 eV),
respectively.®* Polyaniline has been used as capacitive materials via the quinone redox
mechanism with the reversible doping/de-doping process.!*" 481 The polymeric chains could be
broken due to the prolonged redox process, resulting in the poor cycling stability of polyaniline.

In the present case, both Zn?* ions and proton were involved in the charge storage process of
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polyaniline. In the confined space of the lamellar vanadium oxide, the redox degradation could

be eliminated along with the reversible doping process of multiple ions (e.g., H*, Zn?").
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Figure 4. a) In-situ XRD test and the corresponding time-voltage curve. b) The corresponding

high-resolution contour maps. ¢) Schematic illustrations of zinc ion insertion/extraction of

PANI100-V20s during the discharging/charging process.

In the initial discharged state, the proportion of V°* decreases from 81 to 21%, with an

emerging peak at 515.6 eV assigned to the V3* (Figure 5b) that is due to the reduction of

vanadium oxide. The Zn 2p23 signals at 1023.8 and 1022.8 eV are corresponding to the
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intercalated Zn?* ions among the interlayers of V>Os and the absorbed Zn* ions on the surface
of PANI100-V20s electrode, respectively.®®l Remarkably, with the reduction of quinone imine
(~26%) the positively charged nitrogen was increased from 31 to 47% because of the
combination with Zn?* and/or H* ions. When further charged to 1.4 V, the peak area ratio of
V> V4 almost recovers to the initial value of 4.3 (Figure 5b). The weak peak of Zn 2p in the
charged state can be ascribed to the residual Zn?* ions absorbed on the surface of PANI100-
V>0s. Meanwhile, the benzoid amine (~53%) was oxidized to quinone imine (~78%), and the
positively charged nitrogen was reduced to 19%, that is due to the removal of Zn?" and/or H*
ions.

It was reported that the insertion of both Zn?* and H* simultaneously can enhance the specific
capacity of manganese oxide.[® 41 However, the stability of the materials was deteriorated
owing to degradations at high concentrations of H* ions in the confined space. The issue can be
well-addressed via the doping process of polyaniline, that intercalated among the layers of
vanadium oxide. The in-situ ATR FTIR was employed to investigate the changes in the
characteristics of functional groups during the operation of ZIB (Figure 5e & S30). In the initial
stage, the characteristic bands of polyaniline located at 1596, 1499 and 1300 cm™ are
corresponding to the C=C, C=N stretching vibration of the quinoid ring and C-N stretching
mode of the benzoid ring, respectively,?! in addition to the C-F asymmetric stretching vibration
of PTFE as the binder (around 1203 cm™). Notably, in the discharge process, it can be seen that
the band at 1596 cm™ for the quinoid ring is gradually declined and the C=N stretching vibration
at 1499 cm* weakens whereas a new band at 1544 cm™ is growing bigger and bigger, which is
corresponding to the C=C stretching vibration in the benzoid ring. The results suggested the
reduction of the quinoid ring into the benzoid ring. In contrast, the gradually increasing band
of C-N stretching mode and the redshift are caused by the protonation induced m-electron
delocalization among the polyaniline chain during the discharging process.*®! During the

recharge process, the characteristic bands of the benzoid ring gradually disappeared, that is due
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to the oxidation process along with the intercalation of Zn?* and/or H* ions. Especially, the
formation of the bipolaron structure can improve the conductivity of the electrode material.l>!
More importantly, the intensity and position of various bands returned to the initial state (Figure

5e), suggesting the good reversibility of PANI100-V20s cathode.
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Figure 5. a) Survey XPS spectra and high-resolution XPS spectra of b) V 2p, ¢) Zn 2p, d) N 1s
at initial, discharged and charged states. e) In-situ ATR FTIR spectra of PANI100-V20Os in the
first cycle.

The previous work revealed that CF3SO3™ ion from the electrolyte is involved in the charging
process accounting for the charge balance, causing serious volume expansion because of the
large size. [ In the present work, the bands located at 1042 cm™ are assigned to symmetry

stretching vibration of SO3 in CF3S03~.[2 %% During charge and discharge process, no obvious
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band change is observed, demonstrating that CFsSOz™ is not involved in the whole energy
storage process. Along with V=0 stretching vibration at 1025 cm™, the bands located at 863
and 606 cm™ are corresponding to the vibration of O-(V)s and stretching modes of V-O-V,
respectively. Upon the discharge process, the redshift of the V=0 stretching vibration to 1020
cm can be attributed to the intercalation of zinc ions that attract oxygen atoms and weaken the
V=0 bond because the terminal V=0 stretching vibration is more sensitive towards the
crystalline variation.[® Upon the charging process, the band location of V=0 stretching
vibration returns to the original position, suggesting the good reversibility of PANI intercalated
vanadium oxide without serious volume expansion. Previously, the step-by-step intercalation
mechanism of Zn?* and H* ions has been proposed to understand the improved performance of
manganese dioxide-based electrode materials.’! Notably, the pH value of the electrolyte
solution was tested during the charging and discharging process (Figure 31). The slightly
increased pH value of electrolyte during the discharging process would be attributed to the
gradual intercalation of H* ions into the interlayers of V.0s via the doping process of
polyaniline. In contrast, upon the charging process, the pH of electrolyte solution gradually
decreases along with the de-doping process of polyaniline. The present results demonstrate that
the pre-intercalation of vanadium oxide with PANI enables the reversible intercalations of zinc
and/or H* ions by the combination of conducting polymers and the layered vanadium oxide.
Therefore, The pre-intercalation of polyaniline with the conjugated structure not only enlarges
the lattice spacing of vanadium oxide for reversibly accumulating zinc ions, but also contributes
to the charge storage process via the doping process and conversion reactions. Especially, the
conducting polymer can act as a interlayer pillar and shielding layer in the organic-inorganic
hybrid material to improve the energy storage process, leading to the enhanced electrochemical
performance.

3. Conclusion
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In summary, we have successfully synthesized PANI intercalated V20s through the one-pot
hydrothermal method. The in-situ intercalation of PANI in V205 enables the optimization of the
interlaminar structure of hybrid electrode materials by adjusting the temperature and the ratio
of aniline to V20s. The resultant PANI intercalated V.05 with enlarged layer spacing
demonstrated larger specific capacity and superior rate performance than that of the pristine
orthorhombic V.Os. Polyaniline as a pillar also endows the composite good cycle stability.
More importantly, findings from the in-situ XRD and in-situ IR studies revealed that the
polyaniline as the guest materials not only enlarges the lattice spacing for easily accumulating
Zn?* jons to improve the specific capacity, but also buffers the structural expansion due to the
flexible molecular nature for improving the stability. Additionally, the reversible doping
process of polyaniline enables the multiple ions of Zn?* and H* involved in the charge storage
process, leading to improved battery performance via the synergistic effect. Uncovering the
origin of improved charge storage mechanism provides basic principles to rationally design

organic-inorganic hybrid materials for enhancing zinc ion storage.

4. Experimental Section

4.1. Material preparation

In a typical procedure, 0.18 g of V.05 was dispersed into 30 mL ultrapure water under
vigorous stirring, and a given amount of aniline was added subsequently. Then, the pH of the
solution was adjusted to about 3 by adding appropriate hydrochloric acid. The resulting mixture
was transferred into a 50 mL Teflon-lined autoclave and maintained at 140°C for 24 h. After
that, the collected precipitation was washed with ultrapure water and dried at 60°C for 8 h in a
vacuum oven. To examine the intercalation process, the amount of aniline monomers was
changed from 60 to 120 uL and the resultant samples were named as PANI160-V20s, PANI80-
V205, PANI100-V20s5, PANI120-V20s, respectively. For comparison, the samples were also

prepared by the same hydrothermal method at 120 and 160°C with the addition of 100 uL
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aniline monomers, respectively, and named as PANI-V205-120 and PANI-V20s-160. The
sample was also synthesized by replacing aniline with pyrrole monomer and names as PPY 100-
V>0s. The control sample was also prepared by the same hydrothermal method without the
addition of aniline monomers and denoted as HY-V>0s. Additionally, pure polyaniline was also
synthesized. 0.3 mL aniline and 0.18 g (NH4)2S20s was dissolved in 10 mL HCI solution (1
mol L), respectively. The two solutions were mixed together under strong stirring, then kept
in an ice bath for 2 h. The resulting precipitation was collected and washed with deionic water
for three times, and dried at 60°C for 8 h in a vacuum oven.
4.2. Material Characterization

The morphologies of samples were characterized by scanning electron microscopy (SEM,
Gemini SEM 300, Carl Zeiss Microscopy GmbH). The crystallographic phases of samples and
in-situ XRD data were collected using a Rigaku Dmax X-ray diffractometer with Ni-filtered Cu
Ko irradiation. High-resolution transmission electron microscopy (HR-TEM, JEM-2100F) was
conducted for further investigation of structure information. Raman spectra were carried out on
a confocal laser Raman spectrometer (LabRAM HR800, HORLBA JY) under laser excitation
at 633 nm. XPS measurement was conducted with a photoelectron spectrometer (ESCALAB
250). In-situ IR spectra were collected on the Bruker spectrometer with a home-made
electrochemical cell. ICP-MS (NexION 350X) was used to determine the content of V element
in sample.
4.3. Electrochemical Characterization

The electrode was prepared by mixing the active materials, acetylene black and
Poly(vinylidene fluoride) (PVDF) with the mass ratio of 7:2:1. The resultant slurry was cast
onto the stainless steel mesh and dried at 60°C for 8 h in a vacuum oven. The CR2016 coin-
type cell was assembled by coupling with a zinc plate in 3 M Zn(CF3S0s)2 electrolyte with a

glass fiber separator. The cyclic voltammetry (CV) was performed on a CHI 760E
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electrochemical workstation. The electrochemical impedance spectroscopy (EIS) was tested in
a Gamry electrochemical workstation (USA) in the frequency range of 100 K Hz to 10 m Hz
with AC amplitude of 10 mV. The galvanostatic charge—discharge was carried out with a
Neware Battery Test System. The area loading of composite for each electrode is about 2.0~2.5
mg cm2, except that for in-situ XRD and in-situ IR test is ~23 mg cm™.
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Pre-intercalation of V.Os with polyaniline enables the regulation on the lamellar structure to
accumulate reversibly zinc ions for improving the specific capacity and cycling stability of the
aqueous zinc-ion battery.

Regulation on Lamellar Structure of Vanadium Oxide via Polyaniline Intercalation for
High-Performance Aqueous Zinc-ion Battery

Song Chen, Kang Li, Kwan San Hui and Jintao Zhang*
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