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Synthesis of Nitrogen-Doped KMngO, with Oxygen

Vacancy for Stable Zinc-lon Batteries

Guodong Cui, Yinxiang Zeng, Jinfang Wu, Yan Guo,* Xiaojun Gu,*

and Xiong Wen (David) Lou*

The development of MnO, as a cathode for aqueous zinc-ion batteries
(AZIBs) is severely limited by the low intrinsic electrical conductivity and
unstable crystal structure. Herein, a multifunctional modification strategy is
proposed to construct N-doped KMngO,¢ with abundant oxygen vacancy and
large specific surface area (named as N-KMO) through a facile one-step
hydrothermal approach. The synergetic effects of N-doping, oxygen vacancy,
and porous structure in N-KMO can effectively suppress the dissolution of
manganese ions, and promote ion diffusion and electron conduction. As a
result, the N-KMO cathode exhibits dramatically improved stability and
reaction kinetics, superior to the pristine MnO, and MnO, with only oxygen
vacancy. Remarkably, the N-KMO cathode delivers a high reversible capacity
of 262 mAh g~ after 2500 cycles at 1 A g~' with a capacity retention of 91%.
Simultaneously, the highest specific capacity can reach 298 mAh g=" at 0.1 A
g~ . Theoretical calculations reveal that the oxygen vacancy and N-doping can
improve the electrical conductivity of MnO, and thus account for the
outstanding rate performance. Moreover, ex situ characterizations indicate
that the energy storage mechanism of the N-KMO cathode is mainly a H* and

and high safety!! Although lithium-ion
batteries (LIBs) dominate the battery mar-
ket due to their light weight, high en-
ergy density, and long cycle life, the appli-
cation of LIBs as large-scale energy stor-
age systems has been plagued by the
safety issues and environmental prob-
lems associated with flammable organic
electrolytes.*?) In recent years, aqueous
rechargeable batteries, which feature high
safety, eco-friendliness, and high ion con-
ductivity of water-based electrolyte have
been considered as promising alternatives
to overcome these dilemma.[*] Particularly,
aqueous zinc-ion batteries (AZIBs) using
Zn anode has shown significant promise
for grid-scale energy storage owing to the
high specific capacity (820 mAh g1, low
redox potential, rich abundance, and low
cost of metallic Zn.>®! Nevertheless, the

Zn?** co-insertionfextraction process.

1. Introduction

The growing environmental concerns and energy consumption
are driving an ever-increasing pursuit for advanced energy stor-
age system with high energy density, environmental friendliness,
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further development of next-generation AZ-
IBs is mainly hindered by cathode materi-
als. A significant challenge remains to con-
struct highly reversible cathode materials
with good electrochemical properties.[>12]

The current cathode materials for AZIBs mainly in-
clude manganese-based materials,[*'%  vanadium-based
materials,['’2!l Prussian blue and its analogs,!”)] and or-
ganic compounds.?*2°1 Among them, MnO, characterized by
high theoretical capacity (308 mAh g~!, contributed capacity of
single electron transfer), cost-effectiveness, high natural abun-
dance, and environmental friendliness has attracted extensive
scientific attention.?”] Moreover, because of the favorable 2 X 2
tunnels with size of 4.6 A, a-MnO, is considered as a compelling
cathode material for AZ1Bs.[?!| However, most reported @-MnO,
suffer from poor electric conductivity (%10~ to 10° S cm™}),
structural damage, and dissolution caused by unstable crystal
structure and the Jahn-Teller distortion of Mn?* ions, eventu-
ally resulting in inferior rate performance and rapid capacity
attenuation during cycling.[?:29-31]

To address these issues, strategies including compositing
conductive materials (e.g., carbon materials and conductive
polymers),[3?] structural design, and defect engineering (e.g., oxy-
gen vacancy, pre-intercalation of metal cations, or non-metal
ions doping) have been extensively studied with some promising
progress.!33-36] It is well known that oxygen vacancy can not only
increase the electrical conductivity of metal oxides, but also reg-
ulate the electrochemical activity and promote ion diffusion.34

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. a) The synthesis schematic diagram, b,c) TEM images, d) HRTEM image, ) HAADF-STEM and the corresponding elemental mapping images

of N-KMO.

The pre-intercalation of K* can improve the structural stabil-
ity of MnO,.3337-38] Furthermore, heteroatom doping can effec-
tively adjust the intrinsic characteristics of materials such as
electron/ion transfer, adsorption property, reaction activity, and
structural stability.313%-2] Some inspiring studies have employed
these strategies to boost the zinc ion storage performance of
MnO,.**5% However, most researches involve complex multi-
step synthesis methods and more explorations are needed to fur-
ther optimize the electrochemical performance. Therefore, it is
highly desirable to introduce oxygen vacancy and heteroatom
doping into MnO, simultaneously via a facile and efficient ap-
proach.

In this work, N-doped KMngO,, with abundant oxygen va-
cancy, large specific surface area, and pore volume (named as N-
KMO) is rationally designed and synthesized by an efficient one-
step hydrothermal method. The introduced oxygen vacancy, pre-
intercalated K*, N-doping, large specific surface area, and pore
volume can play a vital role in improving the electrical conductiv-
ity of N-KMO and facilitating the ion adsorption and diffusion,
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contributing to enhanced rate capability. Moreover, the N-doping
into the bulk phase of N-KMO can effectively improve the struc-
tural stability by inhibiting the Jahn-Teller distortion of Mn3* de-
rived from the discharge product. Benefiting from these synergic
effects, the N-KMO cathode exhibits long cycle life and superior
rate performance. Meanwhile, the energy storage mechanism is
proved to be a H* and Zn?** co-insertion/extraction process by
various ex situ characterizations.

2. Results and Discussion

2.1. Physical Characterizations

As shown in the synthesis schematic diagram (Figure 1a), N-
KMO was synthesized through an efficient one-step hydrother-
mal redox reaction between KMnO, and C;N,. Two-dimensional
C;N, nanosheets (Figure S1, Supporting Information) were used
here as both reducing agent and nitrogen source . C;N, may be
dissociated under hydrothermal reaction at 180 °C, and fully react

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a) XRD pattern of N-KMO. High-resolution XPS spectra of b) Mn 2p, ¢) O 1s, and d) N 1s for N-KMO. e) EPR curves and f) Raman spectra of

N-KMO, O,-MnO,_,, and MnO,.

with KMnO, through oxidation-reduction reaction to generate
N-KMO. For comparison, a-MnO, with oxygen vacancy (named
as O,-MnO, ,, Figure S2a, Supporting Information) and pris-
tine MnO, (Figure S2b, Supporting Information) were also pre-
pared. The scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) images indicate that N-KMO
shows a nanoflowers morphology assembled by interconnected
nanosheets (Figure 1b,c; Figure S3, Supporting Information). In
the high-resolution TEM (HRTEM) image (Figure 1d), the lat-
tice spacing of 0.24 nm can be clearly observed, which is as-
signed to the (211) crystal plane of KMngO, ; (PDF#29-1020). The
TEM image and the corresponding selected area electron diffrac-
tion (SAED) pattern (Figure S4, Supporting Information) exhibit
typical polycrystalline diffraction rings, which can be indexed to
the KMngO,, phase. The high-angle annular dark-field scanning
TEM image (HAADF-STEM) and the corresponding elemental
mapping images of the N-KMO (Figure 1le) reveal that the N, O,
K, and Mn elements are evenly distributed in the nanoflowers,
which demonstrates the existence of N element.

The X-ray diffraction (XRD) pattern of N-KMO indicates that
the characteristic diffraction peaks of C;N,, located at 13.6° and
27.2°, completely disappear after the hydrothermal process (Fig-
ure 2a; Figure S5, Supporting Information). In addition, the XRD
patterns of N-KMO, O,-MnO, _, and MnO, have similar crystallo-
graphic structure of tetragonal a-MnO, phase (PDF#44-0141). Si-
multaneously, the XRD diffraction peaks of N-KMO correspond
well to KMngO, ; (PDF#29-1020). The inductively coupled plasma
optical emission spectroscopy (ICP-OES) shows that the molar

Adv. Sci. 2022, 9, 2106067

2106067 (3 of 9)

ratio of Mn:K is about 8:1 in N-KMO, which demonstrates that K*
is successfully pre-intercalated into the tunnels of N-KMO to im-
prove structural stability.?*37-38] The diffraction peaks of N-KMO
are significantly broadened and weakened compared to that of
MnO,, indicating the lower crystallinity of N-KMO, which may
be caused by the N-doping. The valence state and chemical com-
position of the N-KMO were investigated by X-ray photoelectron
spectroscopy (XPS). The XPS survey spectrum (Figure S6, Sup-
porting Information) suggests the existence of Mn, O, N, and K
elements in the N-KMO sample, consistent with elemental map-
ping result. In the high-resolution Mn 2p spectrum (Figure 2b),
the peaks of Mn 2p;;, and Mn 2p,,, with a spin-energy separa-
tion of 11.8 eV for typical MnO, appear at 641.9 eV and 653.7 eV,
respectively.®>) At the same time, the spin-energy separation of
4.8 eV appears in the high-resolution spectrum of Mn 3s (Figure
S7, Supporting Information), indicating that the valence state of
N-KMO is mainly Mn**.1>Y] The high-resolution O 1s spectra can
be deconvoluted into two peaks at 531.2 and 529.7 eV attributed to
oxygen vacancy and Mn—O—-Mn bond, respectively (Figure 2c).1¢]
Obviously, the ratio of oxygen vacancy peak (calculated from the
integrated area in the fitted spectra) for N-KMO and O,-MnO,_,,
is higher than that of MnO,, revealing the enhanced oxygen va-
cancy in N-KMO and O,-MnO,_,.. Two characteristic peaks appear
at 399.7 and 398.1 eV in the N 1s spectrum (Figure 2d), corre-
sponding to the N-Mn bond and pyridine N, respectively.>?! The
formation of N-Mn bond proves that N is successfully doped into
the bulk phase of N-KMO, and the pyridine N plays an impor-
tant role in improving the conductivity. The mass ratio of N is

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. The total DOS and PDOS of a) MnO,, b) O,-MnO,_,, and c) N-MnO,_,. The electron density difference slices of d) MnO,, e) O,-MnO,_,, and
f) N-MnO,_,. The red and blue areas represent the accumulation and depletion of electrons, respectively. And the purple, red, and blue balls represent

the Mn, O, and N, respectively.

around 2.63% based on the elemental analysis test. The K 2p XPS
spectrum of N-KMO (Figure S8, Supporting Information) again
proves the existence of K element.

The electron paramagnetic resonance (EPR) spectra (Fig-
ure 2e) exhibit that N-KMO and O,-MnO, , display much
stronger signal at g = 2.0 than that of MnO,. This indicates
the presence of abundant oxygen vacancy in N-KMO and O,-
MnO, ) which is consistent with the results of XPS. The
existence of oxygen vacancies in N-KMO is also confirmed by
HRTEM images (Figure S9, Supporting Information). Moreover,
the Raman spectra (Figure 2f) show that the peak located at 635
cm™! is assigned to the vibration of Mn-O bond for N-KMO, O,-
MnO, ,, and MnO,.>3%* To evaluate the surface area and vol-
ume of pores, nitrogen absorption and desorption tests were per-
formed. As shown in Figures S10-S12 (Supporting Information),
the N-KMO possesses higher Brunauer-Emmett-Teller (BET)
specific surface area (157.45 m? g=') and volume of pores (0.92
cm? g7!) than O,-MnO, , (26.43 m? g1, 0.05 cm® g~!) and MnO,
(25.94m? g1, 0.05 cm? g~1), which could increase the active sites
and promote the ions diffusion, thus boosting the energy storage
performance.

Density functional theory (DFT) calculations were conducted
using MnO,, O,-MnO,_,, and N--doped MnO, with oxygen va-
cancy (N-MnO,_,) as the models to verify the effect of oxygen
vacancy and N--doping (Figure S13, Supporting Information).
The calculated total density of states (DOS) and partial density
of states (PDOS) of MnO,, O,-MnO, ,, and N-MnO, , are illus-
trated in Figure 3a—c. Compared with MnO,, the DOS of O,-
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MnO,_, moves to low energy direction with the Fermi level en-
tering the conduction band, leading to easier jump of electrons
from the valence band to the conduction band. This implies
that the introduction of oxygen vacancy could improve the elec-
tronic conductivity of MnO,. After doping N atom, the DOS of
N-MnO,_, further moves to lower energy, demonstrating much
better electronic conductivity. Moreover, the charge density differ-
ences were presented to visualize the effect of oxygen vacancy and
N-doping on the electronic rearrangement (Figure 3d-f). Com-
pared with MnO,, the Mn atoms adjacent to oxygen vacancy and
doped N atom show obvious electron accumulation, which sug-
gests strong interaction between interconnected Mn, O, and N
atoms.

2.2. Electrochemical Performance

The electrochemical performance of these samples was evalu-
ated as cathode materials for AZIBs. Figure 4a shows the cyclic
voltammetry (CV) curves of the N-KMO cathode at a scan rate
of 0.1 mV s7!. Two couples of redox peaks can be observed at
1.59/1.40 V and 1.55/1.27 V, respectively. The well-maintained
profiles in the subsequent cycles suggest good electrochemical
stability. Figure 4b presents the galvanostatic charge/discharge
(GCD) curves of the N-KMO cathode tested at a current density
of 0.2 A g~!. There are two obvious charging (1.6 V and 1.5 V)
and discharging (1.4 V and 1.3 V) platforms, in line with the CV
results. The two discharging plateaus might correspond to the in-

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Electrochemical performance of AZIBs based on the N-KMO, O,-MnO,_,, and MnO, cathodes. a) CV curves at a scan rate of 0.1 mV s™', b)
GCD curves at a current density of 0.2 A g~ and c) the corresponding cycling performance and Coulombic efficiency of N-KMO. d) Cycling performance
at a current density of 1A g~'. e) Mass content of dissolved Mn element in a 2 M ZnSO, aqueous electrolyte during cycling. f) Rate performance.

sertion of H* and Zn?*, respectively.*?) Impressively, the specific
capacity of N-KMO increases gradually upon cycling. This may be
due to the fact that the N-KMO cathode is activated at a low cur-
rent density and the Mn?* in the electrolyte is deposited on the
N-KMO cathode.*’] As shown in Figure S14 (Supporting Infor-
mation), the specific capacity and capacity contribution ratio of
the first discharge platform gradually increase upon cycles. This
indicates that the increase in specific capacity mainly comes from
the contribution of the first discharge platform. The correspond-
ing cycling stability of the N-KMO cathode is shown in Figure 4c.
The discharge capacity increased from 285 to 407 mAh g~ after
350 cycles, accompanied with an average Coulombic efficiency of
98%, indicating a remarkable cycling durability. Moreover, the cy-
cling stability of the N-KMO electrode was further tested at a cur-
rent density of 1 A g=! (Figure 4d). The N-KMO cathode delivers
an initial discharge capacity of 288 mAh g~! and a high reversible
capacity of 262 mAh g~! after 2500 cycles with a capacity reten-
tion of 91%. Meanwhile, the corresponding Coulombic efficiency
is always approaching 100%. For comparison, the specific capac-
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ities of both O,-MnO, , and MnO, cathodes have different de-
grees of deterioration during cycling (Figure 4d), which is mainly
caused by the dissolution of manganese ions, as confirmed by the
results of ICP-OES (Figure 4e). The superior cycling stability of
N-KMO over O,-MnO,_, and MnO, could be attributed to the N-
doping, which effectively inhibits the dissolution of manganese
ions caused by the Jahn-Teller distortion of Mn** ions from the
discharged products.[?%-3]

The rate performance of the N-KMO, O,-MnO, _, and MnO,
cathodes is shown in Figure 4f. At a low current density of 0.1
A g1, the initial discharge specific capacity of the N-KMO cath-
ode is 298 mAh g~'. As current density increases to 10 A g7,
a considerable average specific capacity of 106 mAh g=! is still
retained, revealing the superior rate capability. Simultaneously,
the specific capacity can reach 327 mAh g~! when the current
density is restored to 0.1 A g~!. Remarkably, the N-KMO cathode
shows better rate performance than the O,-MnO,_, and MnO,
cathodes, as well as most reported Mn-based cathodes for AZ-
IBs (as shown in Table S1, Supporting Information). This may be

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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MnO,.

mainly attributed to that the oxygen vacancy, N-doping, and large
specific surface area and pore volume facilitate the ions diffu-
sion and electron conduction, thus boosting the reaction kinetics
of N-KMO. Additionally, the cyclic and rate performances of the
N-KMO cathode with high mass loading (around 3.5 mg cm™2)
are also evaluated (Figure S15, Supporting Information), which
are comparable to those of N-KMO cathode with low mass load-
ing (around 1 mg cm~?) and other reported film electrodes.[**]
Furthermore, N-KMO also exhibits higher energy density and
power density (297.0 Wh kg=! at 503.0 W kg™1; 106.0 Wh kg~ at
10.6 kW kg™!) than O,-MnO,_,, MnO, and other reported materi-
als (Figure S16, Supporting Information, f-MnO,;1**) CuHCF;/*]
ZnHCF;8 §-MnO,;15% Zn, ,sV,04).

To reveal the charge storage kinetics, CV was tested for the N-
KMO and O,-MnO, , cathodes at different scan rates (Figure 5a;
Figure S17a, Supporting Information). The relationship between
peak current (i) and scan rate (v) follows i = av®, where the val-
ues of a and b are two empirical constants. When the b values
are 0.5 and 1, suggesting that the reaction is mainly controlled
by the diffusion control process and the surface capacitance ef-
fect, respectively.?®] As shown in Figure 5b, the b values of peaks
1, 2, 3, and 4 for N-KMO are 0.72, 0.77, 0.93, and 0.64, respec-
tively. This indicates that the electrochemical reaction of the N-
KMO cathode is controlled by both diffusion and capacitance.
Meanwhile, all the b values for N-KMO are higher than that of
0,-MnO, , (Figure S17b, Supporting Information), implying the
better reaction kinetics for the N-KMO cathode.

The electrochemical impedance spectroscopy (EIS) and gal-
vanostatic intermittent titration technique (GITT) tests were fur-
ther performed to evaluate the electrochemical kinetics. As ex-
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e) H* intercalation energy in N-MnO,_,, O,-MnO,_,, and MnO, (The white ball represents the H™).

pected, the charge transfer resistance of the N-KMO electrode
is much lower than that of the O,-MnO,_, and MnO, electrodes
(Figure 5¢), demonstrating that the N-doping and oxygen vacancy
can facilitate the electron transport. In addition, the electrical con-
ductivity of N-KMO powder (8 X 10~* S cm™!) is obviously higher
than that of the reported a-MnO, (%10~ to 10® S cm™!).31
Moreover, the diffusion coefficient (D value) of the N-KMO elec-
trode (107 to 107 cm? s7') is higher than that of the O,-MnO,
and MnO, electrodes (Figure 5d), suggesting the faster ions dif-
fusion of N-KMO. Figure 5e compares the insertion energies of
H* in MnO,, O,-MnO, . and N-MnO,_,.. The insertion energy
is in the order of MnO, > O,-MnO, , > N-MnO, ,, indicating
that the co-introduction of oxygen vacancy and N dopant could
facilitate the insertion of H*. These above results indicate the
multifunctional modifications and optimal structure (that is, N-
doping, oxygen vacancy, pre-intercalation of K*, suitable porous
structure, and large specific surface area) endow the N-KMO elec-
trode with enhanced electron and ion transfer ability, as well as
improved structural stability, thereby achieving outstanding cy-
cling and rate performance.

2.3. Energy Storage Mechanism

The exploration of energy storage mechanism of manganese-
based cathode for AZIBs is of great significance but still a
huge challenge. Generally, the energy storage mechanisms
of manganese-based cathodes mainly include the following:[°!
traditional Zn?* insertion/extraction,l®! H* and Zn?** co-
insertion,!®?) chemical conversion reaction,®! combined inter-

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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full discharge. f) The ex situ HAADF-STEM and the corresponding elemental mapping images at fully discharged state. g) Schematic for the possible

working principle of Zn//N-KMO AZIBs.

calation and conversion reaction,[®* and dissolution-deposition
mechanism.[®) To explore the energy storage mechanism of the
N-KMO cathode, ex situ XRD, XPS, HRTEM, and elemental map-
pings were performed during the charge-discharge processes.
The GCD profiles of the first and second cycles at 0.2 A g~! and
the corresponding ex situ XRD patterns are shown in Figure 6a,b.
In the pristine XRD pattern, there are three obvious peaks cor-
responding to the carbon paper (26.3° and 54.5°) and KMngO,
(37.2°). It can be clearly observed that the diffraction peaks
of Zn,SO,(OH),0.5H,0 (PDF#44-0674) and MnOOH phase
(PDF#24-0713) appear after discharge to 1.24 V (point B) and dis-
appear after full charging (point E), which proves the reversible
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formation/decomposion of MnOOH and Zn,SO,(OH), 0.5H,0
products in the first voltage platform. The above electrochem-
ical reaction involves H* insertion, which corresponds to the
first discharge platform.3262l As shown in the Zn 2p high-
resolution XPS spectra (Figure 6¢), no Zn element is detected
in the pristine N-KMO, but two obvious Zn 2p peaks appear at
a fully discharged state (point C) and weaken after full charg-
ing (point E), further confirming the formation/decomposion of
Zn,SO,(OH),-0.5H,0 and the insertion/extraction of Zn** dur-
ing the discharge—charge processes. The existence of Zn signal
in fully charged state (point E) may be caused by the surface ad-
sorbed or lattice trapped Zn?*.[%] In the O 1s high-resolution

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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XPS spectra (Figure 6d), an obvious OH™ peak (at 531.9 eV)[®’]
appears in a fully discharged state, which may be derived from
Zn,SO,(OH),-0.5H,0 and MnOOH, and it recovers to the orig-
inal state after being fully charged.

Furthermore, the ex situ HRTEM and elemental mappings
were performed to further study the reaction mechanism of N-
KMO. As characterized in Figure 6e, a lattice fringe of 0.42 nm
is observed for N-KMO at the first discharged state, which can
correspond to (110) plane of MnOOH, in accordance with the
XRD results. This result further proves the H* insertion during
the discharge process. According to the HAADF-STEM and the
corresponding elemental mapping images of N-KMO at the first
discharged state (Figure 6f), obvious Zn signals appear together
with Mn and O, which further proves the Zn?* insertion. Based
on the above results, the energy storage mechanism of N-KMO
is mainly a H* and Zn** co-insertion/extraction process during
the discharge-charge processes (Figure 6g).

3. Conclusions

In summary, we have designed and synthesized multifunctional
modified N-KMO through an efficient hydrothermal strategy.
Benefiting from the synergetic effects of the enhanced electron
and ion transfer ability, as well as the structural stability, the N-
KMO is employed as a highly stable and high-rate cathode for
AZIBs, and exhibits outstanding cycling and rate performance.
Specifically, the N-KMO cathode shows a high capacity of 262
mAh g with a capacity retention of 91% after 2500 cycles at
1 A g'. Moreover, a reversible capacity of 106 mAh g™! at a
high current density of 10 A g~! and a highest power density of
10.6 kW kg~! are both achieved by the N-KMO cathode. In addi-
tion, the ex situ characterizations reveal that the energy storage
mechanism of the N-KMO cathode is mainly a H* and Zn** co-
insertion/extraction process.
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