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Zinc-Doping Strategy on P2-Type Mn-Based Layered Oxide
Cathode for High-Performance Potassium-ion Batteries

Yunshan Zheng, Junfeng Li, Shunping Ji, Kwan San Hui,* Shuo Wang, Huifang Xu,
Kaixi Wang, Duc Anh Dinh, Chenyang Zha, Zongping Shao,* and Kwun Nam Hui*

Mn-based layered oxide is extensively investigated as a promising cathode
material for potassium-ion batteries due to its high theoretical capacity and
natural abundance of manganese. However, the Jahn—Teller distortion caused
by high-spin Mn** (t,,e,") destabilizes the host structure and reduces the
cycling stability. Here, K; o, Nag 5sMng ;0Nig 552N 5O, (denoted as
KNMNO-Z) is reported to inhibit the Jahn-Teller effect and reduce the
irreversible phase transition. Through the implementation of a Zn-doping
strategy, higher Mn valence is achieved in the KNMNO-Z electrode, resulting
in a reduction of Mn3* amount and subsequently leading to an improvement
in cyclic stability. Specifically, after 1000 cycles, a high retention rate of 97%
is observed. Density functional theory calculations reveals that low-valence
Zn?* ions substituting the transition metal position of Mn regulated the
electronic structure around the Mn-O bonding, thereby alleviating the
anisotropic coupling between oxidized O?~ and Mn** and improving the
structural stability. Ky o, Nay ss Mng 70Ni 55Zn, ¢5O, provided an initial
discharge capacity of 57 mAh g~ at 100 mA g~' and a decay rate of only

Among the various application technolo-
gies, lithium-ion batteries (LIBs) are consid-
ered to be the most popular technology due
to their high voltage (>3.6 V) and energy
density (120 Wh kg~!) and long cycle life.3]
However, the expansion in energy storage
applications inevitably increases the manu-
facturing cost of LIBs due to the limited and
uneven distribution of lithium resources in
the Earth’s crust.[**] Compared with LIBs,
sodium-ion batteries (SIBs) and potassium-
ion batteries (PIBs) become two promising
alternatives because of their more abundant
resources and the same intercalation chem-
istry as LIBs.®®] In particular, the lower
standard redox potential of K/K* (-2.936 V
vs SHE) makes PIBs a superior alternative
to SIBs by converting to a higher operating
voltage and energy density.°]

Layered transition metal oxides pos-

0.003% per cycle, indicating that the Zn-doped strategy is effective for
developing high-performance Mn-based layered oxide cathode materials in

PIBs.

1. Introduction

Energy storage technologies have received significant attention
in smoothing and ensuring the supply of electricity from inter-
mittent renewable energy sources, such as wind and solar.!*!

sessing high theoretical energy density
and high K diffusion rates are widely
used as cathode materials for PIBs.'%12]
Typical Mn-based layered oxide materials
[K,.Mn, M O, (M = Mn, Ni, Fe, etc)] have attracted much
attention due to their unique structural advantages and nat-
ural abundance of Mn.['**] Among these layered oxides, P2-
type K,Mn,_ M, O, generally has a lower K* diffusion barrier
and higher ionic conductivity, leading to better electrochemical
performance and great potential for practical applications.!*>°]
However, Mn-based layered oxides contain the mixed valence of
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Mn?** and Mn**. Mn** can form undistorted (ideal) [MnO] octa-
hedra, which form stable crystal structures. However, high-spin
Mn’* with a (t2g)*(eg)! electronic configuration in the 3D orbital
usually causes Jahn-Teller distortions.[?22] In addition, the Mn
valence fluctuates between +3 and +4 during the charging and
discharging processes; as such, Jahn-Teller distortions will be
repeatedly removed and restored, leading to irreversible multi-
phase transition.[” Therefore, inhibiting the severe Jahn-Teller
distortion of massive Mn3** and improving the structural stabil-
ity of Mn-based layered oxides for durable cycling stability are
important.

The strategy of the substitution of low-valence cations, such
as Zn, Co, Mg, and Ni, of the P2 Mn-based layered oxide cath-
ode has been successfully utilized to decrease the Mn3* ratio to
suppress the Jahn-Teller distortion and improve the structural
and cycling stability in LIBs and NIBs.[2021:2425] Xja0 et al.l?] re-
ported the regulation of the Mn average valence by the substi-
tution of Mn with Ti** and Mg?* ions, which are effective to
increase the Mn average valence in K,;Mn,Co,,Fe,; Mg, 0,
cathode in PIBs, leading to outstanding cycling stability with ca-
pacity retention of 91% after 150 cycles at 0.1 A g~!. Bai et al.[¢]
and Zhang et al.1?’] efficiently suppressed the Jahn-Teller distor-
tion by increasing Mn average valence in K, ;;Mn, ¢;Ni; ,0, and
K, 3Mn 4sCo, 45O, cathodes through nickel and cobalt doping,
respectively, leading to superior rate performance and cycling.
Ky ¢7Mny ¢;Nij 1,0, shows discharge capacities of 120, 91, 85, 77,
and 65 mAh g~! at current rates of 0.2, 0.5, 1, 2, and 5 C, respec-
tively. At a current density of 173 mA g™, the capacity retention
in K, ;Mny 45Coy 45 O, is about 75% of the initial capacity after 500
cycles. However, further studies aimed to develop a new strategy
and understand the changes in the K, Mn,_ M, O, structure dur-
ing charge—discharge cycling to improve the electrochemical per-
formance in the application of PIBs

Considering that the Jahn-Teller distortion is mainly caused
by Mn** ions, this study conducted divalent Zn-doping strategy
in P2-type K, Na, ssMn, ;Nij ,sZn, (sO, (denoted as KNMNO-
Z) to stabilize its structure during the electrochemical process.
Na-containing P2-type Mn-based layered oxide was chosen as
the cathode because the introduction of Na can activate the re-
dox reaction of transition metal ions and result in enhanced
capacity.?!! The KNMNO-Z electrode delivered an initial dis-
charge capacity of 57 mAh g~! with a retention rate of 97%
at 100 mA g! and a decay rate of only 0.003% per cycle after
1000 cycles. The remarkable performance was mainly attributed
to the fact that the Zn-doping strategy not only alleviates the
Jahn-Teller distortion by increasing the average oxidation state
of Mn but also reduces the inherent phase instability. Mean-
while, the structure evolution of the electrode has been investi-
gated by several analytical techniques. According to density func-
tional theory (DFT) calculations, Zn substitution can regulate
the electronic structure around the Mn—O bond, thereby allevi-
ating the anisotropic coupling between oxidized 0%~ and Mn**
and maintaining structural stability. This work may provide a ra-
tional strategy to improve the phase stability and electrochem-
ical properties of Mn-based layered oxide cathode materials for
PIBs.
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2. Results and Discussion

The schematic illustration of the preparation process of KNMNO-
Z is shown in Figure 1, which consists of two main steps.
First, the Mn, ,sNi, ,; CO; precursors were synthesized through
the solvothermal method at 180 °C for 24 h.??! The collected
Mn, 5 Ni,,;CO; precursors were homogeneously mixed with
K,CO;, ZnO, NaCl, and KCl and then calcined in air at 800 °C
for 12 h. After cooling down to room temperature, KNMNO-Z
was obtained by washing, filtering, and drying with water and
ethanol. The control samples of K, ,Na,,,Mn,Ni,,;O, (de-
noted as KNMNO) and K,,,Mn, ,sNi,,;O, (denoted as KMNO)
were also prepared by a similar method as KNMNO-Z. Figure 1
presents a schematic representation of the KNMNO-Z struc-
ture both before and after cycling. Notably, the structure of the
KNMNO-Z electrode was found to remain stable throughout the
cycling process, as demonstrated by the diagram.

The morphology and structure of the samples can be charac-
terized by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). As shown in Figure S1, Supporting
Information, the structure of the Mn, ,5Ni, ,; CO; precursor con-
sisted of uniform assembled microsphere structure with a diam-
eter of ~4-5 pm, as confirmed through X-ray diffraction (XRD)
(Figure S4). The Mn, ,5Ni,,;CO; precursor was assembled by
submicron-cubic primary particles. KMNO (Figure S2, Support-
ing Information) is relatively spherical in shape and has an aver-
age diameter of 1-2 mm. With the doping of Na, a similar spheri-
cal shape was obtained (Figure S3, Supporting Information). The
EDS mapping image confirmed the existence and uniform distri-
bution of K, Na, Mn, and Niin KNMNO and K, Mn, and Ni in the
KMNO samples (Figures S2c and S3c, Supporting Information).
The particles of KNMNO-Z are looser than those of KMNO and
KNMNO (Figure 2a), which is conducive to providing sufficient
contact between the electrode and the electrolyte to accelerate the
electrochemical reaction kinetics. The TEM image (Figure 2b)
and high-resolution TEM (HRTEM) image (Figure 2c), demon-
strate the clear lattice fringes with interplanar spacings of 0.225
and 0.254 nm corresponding to the (102) and (100) planes with
the typical P2-type layered structure, as verified by the selected
area electron diffraction (SAED) pattern (Figure 2d). Finally, K,
Na, Mn, Ni, Zn, and O are evenly distributed in the KNMNO-Z
grain in the EDS mapping image (Figure 2e and Table S1).

The XRD patterns of the prepared KNMO material (Figure S5,
Supporting Information) can be indexed well based on the phase
K,Mn,Og (PDF Card No. 16-0205). Besides the main phase, the
presence of NiO impurity can be detected.?] The crystal struc-
ture of KNMNO-Z material was studied by powder XRD analy-
sis. Figure 2f shows the Rietveld refinement of KNMNO-Z, in-
dicating a P2 material with the P63/mmc space group. No other
phases were found, confirming the phase purity of the prepared
samples. The calculated lattice parameters a = 2.88485 A and c =
11.15580 A are consistent with those of other typical P2-type lay-
ered K intercalation compounds. Results showed that KNMNO-Z
possessed a typical hexagonal compact packing (hcp) crystal with
layered ABBA stacking."%! In Figure S6, Supporting Informa-
tion, the Rietveld refinement of KNMNO also shows a hexagonal
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Figure 2. a) SEM image. b) TEM image. c) HR-TEM image. d) SAED pattern. e) Element mapping of KNMNO-Z. f) XRD Rietveld refinement of KNMNO-
Z material. g) X-ray photoelectron spectroscopy analysis of three samples: high-resolution spectra of Survey spectrum, Mn 2p and Ni 2p for KMNO,
KNMNO, and KNMNO-Z. The binding energies were calibrated against the C1s line of hydrocarbon admixtures (284.8 eV).
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Figure 3. Electrochemical performance of samples in half-cell configuration. a) CV curves for the KNMNO-Z electrode at a scanning rate of 0.1 mV
s~!. b,c) Electrochemical charge—discharge curves of KNMNO-Z cathode at a constant current of 100 mA g~ at various cycles. d) Rate capability of
KMNO KNMNO, KNMNO-Z. e) Cycling performance of KNMNO-Z at 100 mA g~'. f) GITT profiles for the charge of KMNO, KNMNO, and KNMNO-Z
electrode. g) Comparison of the electrochemical performance of KNMNO-Z with previously reported PIBs cathodes.

symmetric P2 material with space group P63/mmec. X-ray pho-
toelectron spectroscopy (XPS) was used to study the oxidation
states of transition metals in KMNO, KNMNO, and KNMNO-Z.
As shown in Figure 2g, the peaks centered at 642.3 and 653.7 eV
correspond to the Mn 2p, , and Mn 2p, ,, of Mn** ions, respec-
tively, and the peaks centered at 644.2 and 655.3 eV correspond
to the Mn 2p, , and Mn 2p, , of Mn** ions, respectively.”'*l In
particular, the partial substitution of Mn by Zn?** and the Mn**
proportion of Mn in KNMNO-Zn (56%) are higher than those of
KNMNO (50%), implying a decrease of the Mn valence state upon
Zn substitution. The peaks centered at 854.3 and 872.1 eV can be
indexed with Ni** ions, while the peaks at 856.1 and 874.7 eV are
indexed with local Ni** ions. In addition, the satellite peaks of
Ni 2p correspond to two wide peaks of 861.2 and 878.7 eV, con-
firming the presence of local Ni** ions.[**37] After adding Na and
Zn ions, the low valence state of Ni becomes prominent (59%—
60%), which can facilitate the redox electrochemical reaction and
increase its capacity due to two electrons that can be transferred
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from bivalent to tetravalent state.”38] The high-resolution spec-

trum of Zn 2p in KNMNO-Z (Figure S7, Supporting Informa-
tion) has shown two peaks at 1020.9 and 1043.9 eV, respectively,
indicating an effective Zn-doping strategy.*2!) The XPS results
confirm that Zn doping can reduce the amount of the Jahn-Teller
distorted Mn3* centers. In addition, the increase in high-valence
Mn is helpful to suppress the dissolution of low-valence Mn and
improve its stability. In addition, the higher binding energy of
Zn in KNMNO-Z indicates that the Mn—O bond in KNMNO-Z is
stronger than that in KNMNO, which may help to improve the
phase stability and capacity retention.!?!]

Figure 3a shows the cyclic voltammetry (CV) studies of the
electrochemical properties of a series of cathodes at a sweep rate
of 0.1 mV s7! between 1.5 and 4.0 V versus K/K*. KMNO shows
no obvious redox peak, indicating a low electrochemical activ-
ity without Na. By contrast, KNMNO possesses four pairs of re-
dox peaks, where the two lower voltage peaks (2.6/2.9 V and
3.0/3.4 V) can be assigned to the Mn**/Mn** redox couplel*’!

© 2023 The Authors. Small published by Wiley-VCH GmbH
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and the higher voltage peak between 3.4 and 4.0 V can be at-
tributed to the electrochemical redox reaction of Ni%*/Ni3* [+l
This phenomenon suggests that the substitution of Na for K can
activate the redox reactions of the transition metals, thereby in-
creasing the electrochemical performance of the material. With
the addition of Zn, KNMNO-Z exhibits three pairs of redox peaks
probably due to the formation of a stable skeleton structure,
thereby inhibiting the structural transformation during K* ex-
traction/intercalation. The CV curves of different cycles are con-
sistent with one another, indicating that all samples have a high
degree of electrochemical reversibility.?®4243] Figure 3b shows
the charge and discharge curves for the initial three cycles at
a current density of 100 mA g=! and a voltage range of 1.5
4.0 V, with the first cycle having a discharge capacity of up to
57 mA h g!. Moreover, the curves of the second and third cir-
cles are highly overlapping, which indicates the reversibility of
K* intercalation and deintercalation. The mechanism of stabi-
lization can be derived from the charge and discharge curves
of different cycles (Figure 3c and Figure S8, Supporting Infor-
mation). After continuous charging and discharging process, the
capacity of KMNO gradually decreases and the capacity of KN-
MNO decreases to some extent. The charging and discharging
curves of KNMNO-Z almost overlap, indicating that KNMNO-
Z has good reversibility. In Figure 3d, the rate performance of
KMNO, KNMNO, and KNMNO-Z was investigated within the
range of 1.5-4.0 V. The rate performance also improves with
doping strategy, as evidenced by a smaller capacity decrease in
KNMNO-Z (~23%) compared with that in KNMNO (~25%) and
KNMO(~31%) when the current density is increased from 10
to 100 mA g~!. At 100 mA g~!, KNMNO-Z showed a higher re-
versible capacity (62.06 mAh g=!) than KNMNO (61.84 mAh g™1)
and KMNO (44.32 mAh g™'). When the current density returned
to 10 mA g1, the average discharge capacity of KNMNO-Z recov-
ered to 79.92 mAh g™, indicating superior reversibility after the
fast K-ion intercalation/deintercalation. In addition, the cycling
stability of KMNO, KNMNO, and KNMNO-Z was compared and
tested at 100 mA g=! (Figure 3e). The results indicate that Na
and Zn-doping contribute to the enhanced capacity and cycling
stability. Because the redox-active Mn centers are partially substi-
tuted by the redox-inactive Zn dopant in KNMNO-Z, the doped
sample exhibits a lower initial capacity than that of KNMNO. Al-
though KNMNO delivered a high discharge capacity in the first
300 cycles, severe capacity fading occurred during discharge due
to the Jahn-Teller effect and KMNO had unsatisfactory capacity
of K storage. Hence, Na-doping strategy has a crucial role in in-
creasing the redox capacity, and Zn-doping strategy is important
in achieving stable cyclability. Remarkably, KNMNO-Z showed a
reversible discharge capacity of 57 mAh g=! at 100 mA g! at the
initial cycle, and the capacity remained 97% after 1000 cycles, in-
dicating superior cycling stability upon Na and Zn-doping. Since
the redox-active Mn center in KNMNO-Z is partially replaced by
the Zn, KNMNO-Z shows lower capacity than KNMNO at the be-
ginning of discharge. However, with repeated charge—discharge
cycles, Zn doping in KNMNO achieves excellent capacity reten-
tion by inhibiting Jahn-Teller distortion and phase separation,
signifying the importance of the Zn dopant in stabilizing the
structural stability during the discharge operation. In particu-
lar, the KNMNO-Z cathode has an initial Coulombic efficiency
(CE) of 82.63%, which is higher than those of KMNO (77.49%)
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and KNMNO (75.40%). Meanwhile, the CE after 600 cycles of
KMNO (98.30%) and KNMNO (98.96%) were lower than that of
KNMNO-Z (99.86%), further demonstrating good electrochemi-
cal reversibility. In Figure 3g, compared with other layered oxide
cathodes in PIBs, KNMNO-Z shows the smallest capacity atten-
uation of only 0.003% per cycle,[1218.283044-52] which represents
remarkable electrochemical stability.

The CV curves at scan rates 0f 0.1, 0.2, 0.3, 0.4, and 0.5 mV s™!
were studied to evaluate the storage behavior of K-ion during
the electrochemical process. The CV curves have similar shapes
and redox peaks at different scan rates, thus affirming efficient
and reversible K* de/intercalation (Figure S9, Supporting In-
formation). The capacitive behavior of the electrodes was also
tested. The peak current (i) is correlated with the sweep rate (v):
I, = avP, where I, a, b, v are the peak current, regulable pa-
rameters (a, b), and scan rate, respectively. According to previ-
ous reports,I*3 the b value is close to 1, indicating a pseudo-
capacitance process in capacity contribution, while the b value
is ~0.5 associated with the process of electrochemical diffusion
control. In Figure S9b, Supporting Information, all the values of
b are greater than 0.5, indicating that a considerable portion of
pseudo-capacitance participates in the K* storage process in the
three electrodes.[>*¢ Galvanostatic intermittent titration tech-
nique (GITT) was used to analyze the K-ion diffusion coefficient
of the electrodes. The GITT data were collected after five cycles of
activation in Figure 3f. The GITT-determined discharge—charge
curves showed a consistent discharge curve, similar to the gal-
vanostatic discharge (Figure 3b). In Figure 3f, for KNMNO and
KNMNO-Z, the charge processes were divided into two regions
based on the different electrochemical behavior. In the charging
process of 1.5-3.0 V, the D,* (Figure S10, Supporting Informa-
tion) ranges within 1071 to 10* ¢cm? s71.57°8] In the charging
process of 3.0-4.0 V, the D,* fast decreases, exhibiting slower re-
action kinetics. During the discharge process, it demonstrates a
reversible process that the fast K* insertion occurs due to the sur-
face process at the beginning and then slowed down with the bulk
diffusion. However, KMNO shows a larger diffusion coefficient
than KNMNO and KNMNO-Z because the kinetic behavior of
KMNO is a pseudo-capacitance behavior, but owning a low ca-
pacity and a non-obvious redox reaction, which corresponds to
CV (Figure 3a).[1¢]

The electrochemical impedance spectra (EIS) of KMNO, KN-
MNO, and KNMNO-Z were recorded to better understand the
dynamic characteristics of the three materials (Figure S11, Sup-
porting Information). The semicircle in the curves represents
the R, which reflects the migration of K* on the surface of ac-
tive electrode material. Compared with KMNO (2.0 x 10* ohm)
and KNMNO (1.9 x 10* ohm), KNMNO-Z showed the lowest
R, (1.2 x 10* ohm), indicating the transfer resistance of K*
inside KNMNO-Z was the smallest. This finding reveals the
faster K* transport kinetics during the electrochemical process
in KNMNO-Z. Hence, Na and Zn doping in the layered oxide
cathode facilitates the movement of potassium ions.[2842]

To understand the structural evolution of KNMNO-Z in dif-
ferent charge—discharge states during the first cycle and the sec-
ond charge, we collected in situ XRD spectra (Figure 4a). At
the beginning of the charging, the main peak (002) of the orig-
inal P2-type structure gradually shifts to a lower angle during
the charging process (Figure S12, Supporting Information). This
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of P2-KNMNO-Z electrode at different charge states.

phenomenon may be related to the extraction of Na* and K*. Dur-
ing the discharge process, the (002) peak returns to its original
position, and a new peak appeared at 26 = 15, indicating that the
KNMNO-Z electrode has high reversibility and a new potassium-
containing P2-type compound, which is beneficial for the im-
proving of electrochemical performance. During the second
charging process, the angle of the main peak (002) of the original
P2-type structure shifts back to a lower angle, indicating that the
composite electrode has high reversibility. In addition, the peaks
of (100) and (102) were observed to move toward a higher angle
during the second charging process (Figure 4b). The depotassia-
tion may cause the formation of a high-valence transition metal
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ion (Mn and Ni element), resulting in a smaller ionic radius rel-
ative to its low-valence state. During the discharge process, the
structural evolution follows the reverse evolution of potassium
removal, which confirms the high reversibility of the structural
evolution of KNMNO-Z. However, its mechanism needs to be fur-
ther studied. In addition, structural properties were investigated
by ex situ XRD. The ex situ XRD patterns of KNMNO-Z elec-
trode (Figure S13, Supporting Information) after the first, fifth,
and 100th cycles at 100 mA g~! were determined. The peak of
(002), (100), and (102) exhibit no obvious change when compared
with pristine material (Figure 2f), indicating its remarkable struc-
tural stability during repeated charge—discharge process.[#439-62]
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Post characterization including TEM and XPS analyses was
performed after cycling to further unravel the effect of doping of
Zn on the structural stability of KNMNO-Z. In Figure S14, Sup-
porting Information, compared with KMNO, the particle mor-
phologies of KNMNO-Z and KNMNO after 100 cycles of charge
and discharge are better preserved. The cross-sectional thickness
of the cycled electrode was examined by SEM to investigate the
effect of Na and Zn dopants on alleviating the volume expansion
after cycling. The calculated volume expansion of the KNMNO-Z
electrode dropped monotonically to 25% compared with those of
KMNO (39%) and KNMNO (30%) (Figure S15, Supporting Infor-
mation). The results confirm the positive effect of the introduc-
tion of Na and Zn dopant in alleviating volume changes. TEM
was used to study the composition and chemical element distri-
bution in particles after the repeated electrochemical reaction. In
Figure 4c, the phase structures of KNMNO-Z after 100 cycles at
100 mA g™' can be well maintained, indicating the impressive
stability of KNMNO-Z. In Figure 4d, the HRTEM analysis sug-
gests clear lattice fringes with interplanar spacings of 0.225 and
0.255 nm, which can be ascribed to the (102) and (100) planes of
the typical P2-type layered structure, consistent with original ma-
terials (Figure 2d) and demonstrates the stability of the KNMNO-
Z structure. As shown in Figure 4f, Figures S16 and S17, and
Table S2, Supporting Information, a small amount of Na ions
were observed after the first charging and discharging process,
indicating that Na* are not completely replaced by K* after the
first charging and discharging. Residual Na ions are found in the
ion exchanged layered oxide even after 100 cycles of charging—
discharging process. These results indicate that the residual Na
ions in the K-layered oxide can contribute to enhanced electro-
chemical performance.[®*] In Figures 4g and S18, we also studied
the transition metal valence in KNMNO-Z and KNMNO during
the charge—discharge process by ex situ XPS measurement. For
KNMNO-Zn, when charged to 4.0 V, the ratio of Ni** increases,
indicating that Ni** is oxidized. When discharged to 2.75 and
1.5V, the ratio of Ni** decreases, indicating the reduction pro-
cess of Ni**. For Mn, the Mn** peak intensity increases with the
decrease of Mn** peak intensity when charging to 4.0 V, indi-
cating the oxidation of Mn** into Mn** in Figure 4g. The Mn**
contains 49% of the total amount at the charge state of 4.0 V. Dur-
ing the following discharge, the intensity of Mn** peak gradually
increases, which proves the reduction of Mn** to Mn?+.[286465]

The interfacial performance of KNMNO-Z electrodes at differ-
ent charging stages was studied by Electrochemical impedance
spectroscopy (EIS) method (Figure 5a). After 1 to 5 cycles, the
R, increases, which belongs to the process of electrode activa-
tion, after 100 cycles, and the electrode has a slight deterioration
(inset of Figure 5a). From the TEM tests, the working electrode
shows a uniform cathode electrolyte interphase (CEI) layer of 7—
8 nm after 100 cycles, in stark contrast to the bare surface of
the original KNMNO-Z electrode (Figure 5b,c).[%¢¢7] XPS anal-
ysis was conducted to reveal the chemical compositions of the
CEI films formed on the surfaces of the KNMNO-Z electrodes
in 2.5 M KFSI/TEP electrolytes after 100 cycles (Figure 5d). The
CEI shows the presence of C, K, F, S, N, and O corresponding
the compounds such as KF, potassium sulfur oxynitride (KSON),
K,S0,, K,SO; and S due to the decomposition of KFST salt.[8-7°]
The formation of KF rich CEI compound may enhance the struc-
tural stability of the KNMNO-Z and lead to high cycling stability
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Density functional theory (DFT) calculations were conducted
to investigate electronic structure, and charge density in P2-
KNMNO-Z. The optimized structures of KNMNO and KNMNO-
Z based on the Rietveld refinement of XRD data are displayed
in Figure 5e. The geometry optimization of KNMNO was per-
formed within a supercell, which consists of 2 K, 23 Mn, 62 Na,
9 Ni, and 64 O atoms. For KNMNO-Z, the position of the Mn
atom in the optimized KNMNO is replaced by the Zn atom, and
the position of the Na atom is replaced by part of the K atom.
In KNMNO, the longest bond length of Mn—0 is 2.18800 A, and
the shortest bond length is 1.85573 A, the distortion of Mn-O is
0.33227 A, while in KNMNO, the longest bond length of Mn—-O
and the shortest bond length are 1.96191 A and 1.92525 A, the
distortion of Mn-0 is 0.03666 A. The distortion of KNMNO-Z
was smaller than that of KNMNO because the anisotropy differ-
ence of bond length is small. In addition, the partial charge den-
sity distribution in Figure 5f reflects the local status of electrons.
The charge density of Mn—O reflects that the interaction between
Mn and O is more intense after Zn doping. The density of states
(DOS) of the KNMNO and KNMNO-Z are plotted in Figure 5g
to illustrate the electronic behavior. From the total DOS, the Zn
dopant contributes largely to the total DOS of the system, includ-
ing the states ~—0.8, —0.2, and 1.0-3.0 eV. Zn orbitals are over-
lapped with the O 2p orbital close to the Fermi level that deform
the electronic property of the KNMNO-Z system largely, suggest-
ing that Zn substitution can modulate the electronic structure
around Mn-O bonding and thus alleviate the anisotropic cou-
pling between oxidized 0%~ and Mn**."] In addition, the atomic
DOS shows strong orbital hybridizations between the Mn 2p or-
bital and the Zn 2p orbital at ¥—4.5 eV while between the Mn 2p
orbital and the O 1s orbital at #—6.0 eV and the Fermi level, which
illustrates the strong binding force of Mn—Zn and Mn-O bonds.
This result is in good agreement with the findings based on the
geometric structure and charge density distribution (Figure 5f).
As a result, the introduction of Zn would alleviate the lattice dis-
tortion, resulting in good structural stability and K storage per-
formance.

The full cell was assembled using KNMNO-Z and hard car-
bon as the cathode and anode, respectively (Figure 6a). Hard car-
bon was commercially purchased, and its XRD pattern and elec-
trochemical performance in the half-cell PIBs were analyzed be-
fore it was used in the full cell (Figure S19, Supporting Infor-
mation). The galvanostatic discharge-charge curves of the hard
carbon in Figure S19b, Supporting Information, which showed
an average discharge platform of ~0.5 V. The non-inflammable
TEP electrolyte was selected as the electrolyte, and the voltage
range of charging and discharging was from 1.0 to 3.5 V. The
hard carbon without any pre-treatment showed good cycling sta-
bility in the half-cell PIBs in the TEP-based electrolyte and deliv-
ered the reversible specific capacity of 100.7 mA h g=! at 100 mA
g1 after 300 cycles (Figure S19¢, Supporting Information). The
activated KNMNO-Z electrodes were used to assemble full cells
with fresh hard carbon electrodes. In Figure 6b, the CV curves
of the full cells were conducted. The CV curves of the full cell
showed multiple cathodic and anodic peaks within the voltage
range of 1.0-3.5 V at the scan rate of 0.1 mV s™', which reflected
the different potassiation depths of KNMNO-Z. The galvanos-
tatic discharge—charge curves of the full cell showed an aver-
age discharge platform of 1.5 V showing the good performance
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and blue regions for low charge density). g) Total density of states (tDOS) and partial density of states (pDOS) of Mn, Ni, O, or/and Zn orbitals for

KNMNO and KNMNO-Z.

(Figure 6c¢). Figure 6d shows the rate performance of the full cell.
The average capacities were 76.46, 69.47, 61.8, and 55.79 mAh g~!
atthe current densities of 10, 20, 50, and 100 mA g!, respectively.
The K-based full cell delivers an initial charge and discharge ca-
pacities of 52.05 and 52.58 mAh g~! owing to the formation of
solid-state interfacial film by irreversible interfacial storage. En-
couragingly, CE is greatly improved to 99.94% after the activation
of some cell components in 200 cycles. The retained capacity was
43.68 mA h g! after 50 cycles at 100 mA g~! (Figure 6e). A fan
can be turned by a coin-type full cell, indicating potential in prac-
tical applications (Figure 6e).
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3. Conclusion

KNMNO-Z with a P2-type structure was synthesized by solid
phase method. According to the experimental results, Zn dop-
ing has two positive effects on KNMNO. First, Zn** would pri-
marily result in Jahn-Teller distortion of Mn3**. Second, the dop-
ing of Zn?* makes the phase stability of the P2 structure robust
during the charging and discharging process, thus preventing
its phase transition. Based on DFT, Zn substitution can regulate
the electronic structure around the Mn-O bond, thereby allevi-
ating the anisotropic coupling between oxidized 0%~ and Mn**.
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Therefore, KNMNO-Z has obvious phase stability and capacity re-
tention ability compared with KNMNO. Finally, KNMNO-Z has
good cycle stability with high capacity retention of 97% after 1000
cycles at 100 mA g1, and the decay rate of each cycle is only
0.003%. Therefore, zinc doping may be an effective and widely
used strategy for manganese-based cathode materials for PIBs.

4. Experimental Section

Preparation of Mnyg 75Nip ,5CO3:  Manganese acetate
(Mn(CH;COO0),-4H,0, AR) and nickel acetate (Ni(CH;COO),-4H,0,
AR) were dissolved with 1.45 g of urea in a stoichiometric ratio of 39 mL
H,0 and 26 mL ethanol to form a mixed solution. The solution was then
transferred into a 100 mL Teflon-lined autoclave and stored at 180 °C for
24 h. After filtration, wash several times with H,O and alcohol, and dry at
60 °C to obtain Mny ;5 Nig ,5CO3 precursor.

Synthesis of KNMNO-Z:  Mng ;5Nig,5CO3 precursor was homoge-
neously mixed with K,COs, ZnO, NaCl, and KCI. Then, the mixture was
calcined in air at 800 °C for 12 h and quenched to room temperature. Fi-
nally, the product was obtained by washing, filtering, and drying. The sam-
ple was named KNMNO-Z.
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Material Characterization: ~Use the X-ray diffractometer (Rigaku Smart-
lab 9000 W) with a Cu-target (4 = 1.54181 A) at the scan rate of 10 °
min~' to obtain all XRD data. Use field emission scanning electron mi-
croscope (FESEM, JEOL JSM-7500FA) to observe the morphologies of all
samples. XPS analysis of monochromatic Al Ka radiation (excitation en-
ergy of 1486 eV) was performed on the Thermo ESCALAB 250 spectrome-
ter platform.

Electrochemical Measurements: The active substance, acetylene black,
and PVDF were mixed in an 8:1:1 mass ratio to obtain an electrode in NMP.
The above mixture is stirred magnetically to form a homogeneous slurry.
The mixture was then coated on Al foil. Place these wet electrodes in an
oven, initially dry at 60 °C for 2 h, then transfer to a vacuum oven for 8 h
at 90 °C. All dry electrodes were pressed into a disk ®12 mm for further
testing. The coin-type half-battery (CR2032) was assembled in an Ar-filled
glove box (Lab2000, Etelux) and its electrochemical properties are ana-
lyzed. Assemble the half-cell with potassium metal and glass microfibers
(GF/D, Whatman) as counter electrodes and separators, respectively, and
2.5 m KFSl dissolved in triethyl phosphate (TEP) solution as the electrolyte.
Battery performance was characterized using the Neware CT-4000 Battery
Test System (Shenzhen, China). Cyclic voltammetry (CV) was performed
at room temperature using an electrochemical workstation (VMP-300 bi-
ological system, Germany) at a scanning rate of 0.1-0.5 mV s~ between
1.5 and 4.0V (vs K/K*)
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The GITT was performed at a pulsed current of 100 mA g=! for 30 min
and then rested for 1 h. This process was repeated several times until a
pre-set potential was reached. All cells were cyclically activated at 10 mA
g~! for 5 cycles prior to testing. The ion diffusion coefficient (D, *) was
calculated by the following equation:

2

2
4 (mgVy AE, L2
D=— < = 1
zz‘r<MsS> & | \"SD M
d\/‘[

where 7, mg, Vy;, Mg, S, are the period of the pulse, the active mass of the
electrode, the molar volume of the active material, the molar mass of the
electrode material, and the area of the electrode, respectively. Mg [V, is
calculated from the electrode density, and L is the average thickness of the
electrode. (r = 1800's, S = 1.13 cm?)

To assemble full-cell, a KNMNO-Z was selected as the cathode and hard
carbon as the anode. Hard carbon was commercially purchased. The ac-
tive material, acetylene black, and PVDF with a weight ratio of 7:2:1 were
mixed in NMP (N-methyl-2-pyrrolidone) to prepare the anode electrode.
2.5 M KFSI-TEP electrolyte was used as the electrolyte. The capacity was
calculated based on cathode materials. The hard carbon anode was pre-
potassiated for 5 cycles at a current of 50 mA g~ to assemble the full-cell.
The full-cell was analyzed in a voltage window of 1.0-3.5 V. (Note: N/P
ratio is 1.2).

Computational Methods: DFT calculations were performed using the
Vienna abinitio simulation package (VASP). The calculations use the PBE
exchange-correlation functional, which was a generalized gradient approx-
imation (GGA) method. Since GGA cannot correctly reproduce the local-
ized electronic states of transition metal oxide materials, the GGA + U
method was used. The U values of Mn and Ni were 3.9 and 6.9 eV, respec-
tively. Plane-wave projector augmented wave (PAW) pseudo-potentials
were used to represent the core electrons. In all calculations, the plane
wave energy cutoff was 400 eV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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