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a b s t r a c t

Aqueous zinc-ion batteries (ZIBs) have attracted significant attentions because of low cost and high reli-

ability. However, conventional ZIBs are severely limited by the development of high energy density cath-

ode materials with reversible Zn2+ insertion/extraction. Herein, a conducting polymer intercalated MoO3

(PMO) with extensively extended interlayer spacing is developed as a high-performance ZIBs cathode

material. The interlayer spacing of PMO is prominently increased which results in an improved Zn2+ mo-

bility during charge and discharge process. More significantly, the electrochemical results reveals that the

intercalation of PANI facilitates the charge storage and reinforces the layered structure of MoO3, leading

to a high capacity and good cycling stability. DFT calculation further reveals the intercalation of PANI into

MoO3 significantly lower Zn2+ diffusion barrier. Benefit from these advantages, the ZIBs based on PMO

electrode delivers a considerable capacity of 157 mAh/g at 0.5 A/g and ameliorative stability with 63.4%

capacity retention after 1000 cycles.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium ion batteries (LIBs) have played a dominate role in the

market of portable electronics devices since their first utilization

because of the high energy density and long lifespan [1–3]. With

the widespread use of LIBs, hesitations such as safety, economic

cost and environmental impact have arisen [4,5]. At this point,

aqueous rechargeable batteries are promising candidates result

from their greater ionic conductivity, higher safety and environ-

mentally friendly [6,7]. In particularly, aqueous Zn ion batteries

(ZIBs) with Zn anode gained ever-increasing attention due to high

capacity (820 mAh/g), low redox potential (−0.76V versus SHE)

and high abundance on the earth [8–10]. In order to maximize

the excellent features of Zn anode, people have been working

hard to develop various progressive cathodes. To date, plentiful

materials including Zn0.25V2O5·nH2O [11], Na2V6O16·1.63H2O [12],

Ca0.25V2O5·nH2O [13], VS2 [14], MnO2 [15], ZnMn2O4 [16], ZnHCF

[17] and Co3O4 [18] have been applied for high performance

cathodes of ZIBs. For example, zinc hexacyanoferrates cathode

delivered a capacity of 65.4 mAh/g at 0.06 A/g with stability

capacity retention of 76% after 100 cycles [17]. Chen’s group
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reported cation-deficient spinel ZnMn2O4 cathode, which possess

150 mAh/g at 0.05 A/g [16]. Nevertheless, the capacity of most re-

ported cathodes are still unsatisfactory. In this regard, developing

new materials as cathodes for ZIBs is extremely desirable by yet

challenging.

As a nontoxic metal oxide, orthorhombic MoO3 with variable

valence and layered structure has been widely investigated as cath-

ode for LIBs and sodium ion batteries [19,20]. Specifically, its in-

ternal layered structure subsists along the [010] direction, which

is formed by [MoO6] octahedrons sharing angles in the [001] and

[100] directions, allowing guest atom ions (Li+, Na+, etc.) to in-

tercalate/deintercalate between the layers [21–23]. Considering the

similar ionic radius of Li+ and Zn2+ (rLi+ = 0.74 Å, r
Zn2+ = 0.76 Å),

MoO3 can be expected to be a promising host of Zn2+ in ZIBs

[24,25]. Very recently, our group reported MoO3 cathode in ZIBs

with 3.79 mAh/cm2 at 0.4 A/g in 2mol/L ZnCl2 electrolyte [26].

However, it suffers from severe capacity loss (27.1% capacity re-

tention after 400 cycles). One of possible solution to the inher-

ent shortcomings of MoO3 may be guest pre-intercalation strat-

egy, which has been proposed in various manganese/vanadium-

based composites and receives impressing achievements [27,28].

It has been studied that water/metal ion pre-intercalation strat-

egy can effectively improve the stability of layered structure cath-
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ode, but the electrochemical stability of host materials still suffer

from structural degradation. Specifically, because the layer struc-

ture could be destroyed when guest metal species are located be-

tween layers due to the strong electrostatics’ interactions between

inserted cations and oxygen atoms of MoO3 [29–31]. Additionally,

the large volume and molecular weight of metal ions may cause

unstable change during insertion/extraction of Zn2+ [32].

Herein, for the first time we demonstrated intercalation engi-

neering to enhance Zn2+ storage ability of MoO3 by intercalating

organic molecules into MoO3 (polyaniline (PANI) intercalated MoO3

(denoted as PMO). The interlayer spacing of PMO was prominently

increased which results in an improved cation mobility from elec-

trolyte to the internal crystal lattice. Importantly, a compassion of

the electrochemical behavior between PMO and metal ion interca-

lated MoO3 ([Na(H2O)0.25]MoO3 (denoted as NMO)) revealed the

intercalation of PANI facilitated the charge storage and reinforced

the layered structure of MoO3, leading to a high capacity and good

cycling stability. As a result, an aqueous ZIBs based on PMO cath-

ode delivered a high capacity of 157 mAh/g at the current density

of 0.5 A/g as well as a promoted stability (capacity retention of

63.4% after 1000 cycles), obviously better than the ever reported

MoO3 based ZIBs cathodes.

Synthesis of NMO: Typically, commercial MoO3 (0.9 g) was dis-

persed in deionized water (62mL), and stirred at room tempera-

ture for 0.5 h while blowing with nitrogen. Then, sodium dithionite

(Na2S2O4, 0.5 g) and sodium molybdate dehydrate (Na2MoO4·2H2O,

15 g) were added to above suspension, and stirred at room temper-

ature for 3h. Afterwards, the blue-purple products were collected

by centrifugation, washed with deionized water, and dried under

vacuum at 60 °C.
Synthesis of PMO: Typically, aniline (1825 μL) was dropped into

HCl (1mol/L, 20mL) under ice bath conditions, then NMO (0.69 g)

was added and stirred for 24h while blowing with nitrogen. After-

wards, the aniline-NMO products were collected by centrifugation,

washed with deionized water, and dried under vacuum at 60 °C. In
order to polymerize aniline, aniline-NMO (0.4 g) was ultrasonically

dispersed in deionized water (15mL). Meanwhile, ammonium per-

sulfate ((NH4)2S2O8, 3 g) was dissolved in deionized water (15mL),

and added to above solution and stirred. Finally, the PANI-NMO

was collected by centrifugation, washed with deionized water, and

dried under vacuum at 60 °C.
The X-ray diffraction patterns of the as-synthesized samples

were recorded by a Rigaku MiniFlex600 X-ray diffractometer (XRD)

with Cu-Kα radiation. The morphologies and structures of the sam-

ples were characterized by a field-emission gun scanning elec-

tron microscope (SEM, Hitach-SU8010) and a transmission elec-

tron microscopy (TEM, FEL-Talos F200S). X-ray photoelectron spec-

troscopy (XPS, Thermo Fisher-Escalab 250Xi) measurements were

performed to study the chemical natures of the as-synthesized

samples. The Raman measurement was operated through a con-

focal Raman spectrometer (LabRAM HR800, Horiba Jobin Yvon)

with a 532nm laser wavenumber. Infrared spectroscopy of samples

were characterized by an FT-IR spectrometer (Nicolet iS5, Thermo

Scientific). Thermogravimetric analysis (TGA) was performed using

a Netzsch STA 449C thermal analyzer with a temperature range of

25–800 °C at a heating rate of 10 °C/min. Contact angle measure-

ments were performed on the OCA 100 (Dataphysics) contact angle

meter.

The electrode was prepared by mixing PMO, Super-P, and

polyvinylidene fluoride with a mass ratio of 7:2:1 in N-

methylpyrrolidine. The slurry was then casted on the stainless

steel grids and dried at 80 °C overnight. The effective mass load-

ing of PMO is about 1.0mg/cm2. Zn plate and Glass fiber filter pa-

per are used as the counter/reference electrode and separator, re-

spectively. The electrolyte is 2mol/L ZnCl2 aqueous solution. Gal-

vanostatic charge/discharge tests were performed using a NEWARE

battery system at a voltage window of 0.2–1.3V (vs. Zn2+/Zn).
The cyclic voltammetry (CV) and electrochemical impedance spec-

troscopy (EIS) at an open circuit voltage in the frequency range

of 0.01–100 kHz were carried out using a Gamry electrochemical

workstation. The GITT was measured with a current pulse of 0.1

A/g for 10min followed by 1h of relaxation time to achieve equi-

librium potential.

MoO3 layer with PANI intercalation and pure MoO3 layer

were constructed respectively, and 4×2×1 supercells were taken

for calculation. The projector augmented-wave (PAW) method

were performed in the DFT calculations [33]. The Perdew-Burke-

Ernzerhof within the generalized gradient approximation was

adopted to examine the electronic exchange-correlation function of

the interacting electrons [34]. The van der Waals interaction was

considered by using the empirical correction in Grimme’s scheme,

i.e., DFT+D3 [35], in all calculations. The energy cutoff is 400 eV for

all cases, and 2×3×1 k-meshes were used to sample the Brillouin

zone for geometry optimization. The convergence tolerance for the

residual force on each atom during structure relaxation was set to

0.05 eV/Å and for energy difference between two consecutive self-

consistent calculations is less than 10−4 eV, respectively.

As shown in Fig. 1a, the PANI intercalated MoO3 was syn-

thesized via a two-step method. MoO3 layer was firstly swelled

by chemical reduction and formed hydrated sodium molybdenum

bronze as a result [36]. The interlayer alkali metal cations are

important in promoting the dispersion of the oxide layers dur-

ing the intercalation process, since the extent of the layer exfo-

liation depends on the alkali-metal cations originally present in

the bronze [37]. Then the PMO was prepared via an ion-change

process by reacting NMO with aniline in the present of oxidizing

agent. The morphology of as-prepared NMO and PMO was char-

acterized by scanning electron microscope (SEM), as presented in

Fig. S1 (Supporting information) and Fig. 1b. The NMO shows a

stacked morphology that comprises aggregates of nanosheets. The

PMO shows similar morphology with its precursor, indicating the

incorporation of PMO does not destroy the nanosheet structure

and there is no large bulk of PANI deposit on the MoO3. The X-

ray diffraction (XRD) and transmission electron microscope (TEM)

were further operated to explore the crystal structure of PANI-

intercalated MoO3. As shown in Fig. 1c, the XRD pattern of NMO

sample can be well assigned to [Na(H2O)0.25]MoO3 (JCPDS No. 39–

0634) with a interlayer spacing of 0.98nm. After PANI intercala-

tion, the interlayer spacing of MoO3 was remarkably enlarged to

1.36nm which may due to the intercalated PANI into MoO3 inter-

layer in helical chain configuration or with the benzene rings ly-

ing roughly perpendicular to the layers, similar to the case of the

poly(pphenylenevinylene) MoO3 composite. The interlayer spacing

(1.35nm) of PMO was further confirmed by HRTEM (Fig. 1d), which

was in great agreement with XRD results. The element mapping

images of as-prepared PMO were shown in Fig. 1e, which demon-

strated the even distribution of C, N, O, Mo elements and the com-

pletely substitution of PANI to Na+ as the intercalation.

The Raman spectras of NMO and PMO are shown in Fig. 2a.

It can be observed both samples show specifically Mo=O vibra-

tion at about 970 cm−1 [38]. The Mo-O-Mo vibration can be lo-

cated at 860 and 814 cm−1 for NMO and PMO, respectively, which

may be attributed to the difference of intercalated ions in MoO3

interlayer. Moreover, the PMO shows sharp and high-intensity Ra-

man peaks, which is mainly due to the good crystalline character.

Fourier transform infrared spectroscopy (FT-IR) was used to en-

sure the existence of PANI, which is shown in Fig. 2b. The band

at 740 cm−1 is corresponded to N–H wag [39]. The band at 1490

and 1621 cm−1 can be assigned to C=C bond and N–H bend, re-

spectively [40]. The broad band at 3397 cm−1 is related to N–H

stretch [41]. In addition, other characteristic absorption bands in

the range of 400–800 cm−1 are assigned to Mo-O stretching vi-
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Fig. 1. (a) Schematic illustration of the preparation process of PMO. (b) The typical SEM image of PMO. (c) XRD patterns and (d) HRTEM images of PMO and NMO. (e)

Elemental mapping analysis of PMO.

Fig. 2. (a) Raman spectras, (b) FT-IR, (c) TG, (d) full XPS survey spectra, (e) Mo 3d XPS spectra and (f) water contact angle of PMO and NMO.

brations of MoO6 octahedra [42]. The weight percentage of inter-

calated PANI (∼5 wt%) was determined by the thermo gravimetric

(TG) analysis (Fig. 2c). Compared to NMO, the PMO shows three

kinds of weight loss. The first weight loss (∼14%) below 200 °C is

attributed to the loss of adsorbed water, the second weight loss

(∼5%) between 200 °C and 500 °C was due to the loss of PANI, and

the last weight loss above 680 °C was belong to the loss of MoO3.

The X-ray photoelectron spectroscopy (XPS) results of NMO and

PMO are presented in Fig. 2d. Only C, N, O and Mo elements can

be identified on the surface of PMO, implying the successful ion

exchange between PANI and Na+ in the interlayer of MoO3. The

Na 1s XPS spectrum also confirms that the absence of Na+ in PANI

intercalated MoO3 (Fig. 2d). The Mo 3d XPS spectrum of NMO and

PMO can be deconvolute into two peaks at 232 and 235 eV (Fig.

2e), which can respectively be assigned to Mo5+ (Mo 3d3/2) and

Mo6+ (Mo 3d5/2), suggesting the intercalation of guest ion partially

reduce the MoO3 [43]. In addition, the binding energy of Mo 3d

characteristic peaks of PMO sample show slight increase compared

to that of NMO sample, as a result of strong electron withdrawing

ability of N element in the intercalated PANI. The decreased wa-

ter contact angle (Fig. 2f) from NMO (133°) to PMO (106°) reveal

the enhanced hydrophilia after the PANI intercalation, which can

be beneficial for reducing the electrode/electrolyte resistance and

facilitate the ion transition during the energy storage process [44].

To evaluate the function of Na+/PANI intercalation on electro-

chemical performance of MoO3, the device (named as PMO//Zn

battery) was assembled using 2mol/L ZnCl2 as electrolyte. The

PMO and Zn plate was used as cathode and anode, respectively.

Both electrodes show cathodic peaks at 0.24V vs. Zn2+/Zn which

are associated with the reduction of Mo6+ to Mo4+ accompanied

with Zn2+ intercalation. The anodic peaks at 0.41V vs. Zn2+/Zn
are due to the oxidation of Mo4+ to Mo6+ coupled with the Zn2+

de-intercalation (Fig. 3a). Notably, the PMO cathode shows much

larger CV curve in sharp contrast with NMO, indicating a more

vibrant Zn2+ intercalation/deintercalation kinetics. The galvanos-

tatic charge-discharge (GCD) profiles (Fig. 3b) of NMO and PMO

are in great agreement with CV results. The PMO cathode pos-

sess a high capacity (157 mAh/g at 0.5 A/g), which is almost three

times larger than that of NMO cathode (64 mAh/g at 0.5 A/g). The

obvious plateaus in GCD curves of both samples (Fig. S2 in Sup-

porting information) at different current densities further confirm

the occurred redox reaction during the energy storage process. Be-

sides from high capacity, the PMO cathode also exhibited good

rate performance, which is shown in Fig. 3c. As the current den-
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Fig. 3. (a) CV curves at a scan rate of 0.2mV/s. (b) GCD profiles at a current density of 0.5 A/g. (c) Rate performance range from 0.5 A/g to 5 A/g. (d) ESI analysis and (e)

long-term cycling performance at 10 A/g of PMO and NMO.

sity increased from 0.5 A/g to 5 A/g, the PMO electrode can still

maintain 63 mAh/g (41% capacity retention) while NMO electrode

only possess 20 mAh/g (31% capacity retention). Electrochemical

impedance spectroscopy (EIS) was further operated to probe the

optimal charge storage ability of PMO. Fig. 3d presents the fitting

ESI of NMO and PMO electrodes at open circuit potential (OCP).

The Rct of PMO electrode is obvious smaller than that of NMO

electrode, suggesting that the charge transportation of MoO3 is ef-

fectively promoted by PANI intercalation [45]. The cycling stability

test was operated at high current density of 10 A/g (Fig. 3e). After

1000 continuous cycles, the PMO electrode shows a 63.4% capacity

retention, much higher to that of NMO electrode (28.8% capacity

retention). In addition, we compared the electrochemical perfor-

mance of Zn-ion batteries based on MoO3 materials. As shown in

the Table S1 (Supporting information), the PMO exhibited moder-

ate capacity and good long-cycling performance.

The morphology and structural evolution of PMO during the

(de)intercalation of Zn2+ was subsequently investigated by XRD,

Raman, SEM and XPS studies at different charge/discharge voltage

(Fig. 4a). Fig. 4b shows the ex-situ XRD patterns collected from the

second charge/discharge cycle. Compared to the pristine PMO, the

(020) peak of PMO after first cycle shifts to a higher degree (7.7°),
which may due to the de-intercalation of partial PANI at the first

cycle of charge. As the discharge proceeds, the (020) peak shifts to

lower degree, indicating the expanded interlayer spacing of PMO is

caused by the Zn2+ intercalation along the b-axis. After fully dis-

charged, the interlayer spacing increased to 1.2 nm (corresponding

to 7.4°). The charge process shows an opposite phenomenon. The

interlayer spacing shrunk gradually and decreased to 1.1 nm (corre-

sponding to 7.7°) at the fully charged state because of the release

of Zn2+. It is worth mention that the interlayer spacing evolved

regularly during the Zn2+ intercalation/deintercalation, suggesting

the great reversibility of PMO electrode. Further evidence for Zn

ion intercalation into the interlayer of PMO cathode was exam-

ined by Raman spectra (Figs. 4c and d). The νas(Mo=O) stretch-

ing vibrations and δ(O=Mo=O) wagging (985 and 278 cm−1) van-

ish and new bands appears at 930–950 cm−1, which can be at-

tributed to Mo-O terminal bonds caused by the slight deforma-

tion of MoO6 octahedra at fully discharged state. Nevertheless,

the Raman spectrums recover to the original state at the fully

charged state. These results further confirm the high reversibil-

ity of PMO. To monitor the evolution of morphology during Zn2+

intercalation/deintercalation, ex-situ SEM was operated at differ-

ent voltages in the second discharge/charge cycle (Fig. S3 in Sup-

porting information). The PANI intercalated MoO3 cathode shows

stacked morphology at the initial state (1.3V). As the discharge

proceeds, the nanowire morphology is presented and becomes the

most widespread at the fully discharged state (0.2V). Contrarily,

the nanowires gradually aggregate to form bundles and come back

to its original morphology at fully charged state (1.3V). XPS mea-

surement was further conducted to prove Zn2+ uptake and exam-

ine the change of oxidation states (Figs. 4e and f). At the insertion

state (0.2V), the two new signals at binding energy of 233.8 and

235eV are detected, respectively, indicating a deep discharge in

which the Mo6+ is partially reduced to Mo5+ and Mo4+ [46]. The

Mo4+ completely disappears at the extraction state (1.3V), man-

ifesting the Mo4+ transforms into its high valence accompanied

with Zn2+ de-intercalation from the host. However, a small amount

of Mo5+ can still be observed, which is due to the residue of par-

tial Zn2+ in the electrode. It can be further confirmed by the Zn 2p

spectra, in which two peaks are still present when charged to 1.3V

but reduce in intensity.

To thoroughly understand the enhanced electrochemical perfor-

mance of PMO, CV and GITT were further carried out to investigate

the reaction kinetics. Fig. 5a and Fig. S4 (Supporting information)

show the CV curves of NMO and PMO at different scan rates. As

the scan rate increases, the CV curves of both cathodes mainly hold

similar shapes, the oxidation/reduction peaks shift to higher and

lower voltages, respectively. Then, the diffusion-controlled and ca-

pacitive contributions are quantitatively separated by using sweep

voltammetry. The relationship between the peak current (i) and

sweep rate (v) can be presented by the following equation: i= avb

[47]. In general, b value ranges from 0.5 to 1, representing a mixed

contribution of both capacitive effect and diffusion process [48].

The fitted b values for NMO and PMO electrodes are shown in Figs.

5b and c. These results indicate that the Zn2+ storage process of

the PMO electrode is mainly controlled by the mixed mechanisms

of capacitive behavior and diffusion process, while that of NMO

electrodes is dominated by diffusion behavior. Furthermore, the

overall capacity can be divided into the contribution of capacitive
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Fig. 4. (a) The second cycle of GCD profiles of PMO. (b) Ex-situ XRD patterns, (c, d) ex-situ Raman spectras at the discharge and charge states of PMO. (e) Mo 3d and (f) Zn

2p XPS spectras at the discharge and charge states of PMO.

Fig. 5. (a) CV curves at different scan rates of PMO. log(i) versus log(v) plots of redox peaks of (b) PMO and (c) NMO. (d) Normalized contribution ratios of capacitive storage

to total capacity at different scan rates and (e) Zn2+ diffusion coefficients at various states of discharge during GITT measurements of PMO and NMO. Zn2+ diffusion pathways

of (f) NMO and (g) PMO. (h) Diffusion barrier profiles of Zn2+ transport in NMO and PMO.

response and diffusion process according to the following equa-

tion: i= k1v+ k2v
1/2 [49]. At 0.2mV/s, the capacitive contribution

of NMO and PMO is 11.5% and 27.2%, respectively. And the capac-

itive contribution of both electrodes grows up with the increasing

of sweep rate. It is worth mention that PMO electrodes possesses

the higher ratio of capacitive contribution at all the time than that

of the NMO, resulting in the PMO delivers a higher capacity at 10

A/g (Fig. 3e). GITT measurement was used to further investigate

the Zn2+ diffusion in the lattice of PMO (Fig. S5 in Supporting in-

formation). The Zn2+ diffusivity (DGITT) can be calculated as de-

scribed below: DGITT = 4
πτ (

mBVM
MBS

)2( �Es
�Eτ

)2 [50]. The value of logD

for PMO electrode range from −7.51 to −8.54 while it is much

larger than that of NMO electrode (range from −7.95 to −8.83),

which benefits from the chemical intercalation of PANI, enlarging

the interlayer spacing (Fig. 5e).

To acquire a fundamental understanding of intercalation effects

on rate and cycle performance of MoO3, DFT calculations were fur-

ther performed to compare the diffusion behavior of Zn2+ in the

NMO and PMO. Based on the available sites to incorporate Zn2+,
the Zn2+ diffusion pathways of NMO and PMO are identified, as

shown in Figs. 5f and g. Starting from the most stable interlayer

site, Zn2+ can diffuse either in the c-direction or the a-direction to

reach one of the interlayer sites. The corresponding energy barri-

ers for Zn2+ diffusion along these pathways are 2.48 and 2.26 eV

for NMO and PMO, respectively (Fig. 5h). Because the diffusion en-

ergy barrier describes the minimum energy that must be available

for the Zn2+ diffusion in the MoO3 layers, the values of the energy

barriers determines the difficulty of the Zn2+ transmission. As a

consequence, the much lower Zn2+ diffusion energy of PMO lead

to the improved electrochemical performance of PMO.
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In summary, we developed a conducting polymer intercalated

MoO3 with extensively extended interlayer spacing for high per-

formance ZIBs cathode. We demonstrated the superiority of or-

ganic molecules intercalation to metal ion intercalation by com-

paring the Zn ion storage performance and electrochemical kinet-

ics of PMO and NMO. DFT calculation further reveals the interca-

lation of PANI into MoO3 significantly lower Zn2+ diffusion barrier

in contrast to Na+. The ZIBs based on PMO cathode delivers a high

capacity of 157 mAh/g at the current density of 0.5 A/g and ame-

liorative stability (63.4% capacity retention after 1000 cycles). This

work presents the first example of intercalation engineering to im-

prove MoO3 based material as a stable cathode for aqueous ZIBs,

which will give new insights in the exploration of advanced energy

storage systems.
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