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Improving Ca-ion Storage Dynamic and Stability by
Interlayer Engineering and Mn-dissolution Limitation Based

on Robust MnO, @ PANI Hybrid Cathode

Chunli Zuo, Feiyang Chao, Ming Li, Yuhang Dai, Junjun Wang, Fangyu Xiong,*

Yalong Jiang,* and Qinyou An*

Rechargeable Ca-ion batteries (CIBs) have attracted great interest due to
potentially high output voltage and abundant calcium resources. Among
various cathode materials, manganese oxides with high theoretical capacity
and low cost are suitable as strong candidates for rechargeable CIBs.
However, the dissolution of manganese and the strong electrostatic
interactions between Ca?* and host materials result in inferior cycle stability
and poor rate performance. Herein, a MnO,-polyaniline (PANI) hybrid cathode
with both PANI intercalation and coating is developed to solve the above
problems. The intercalation of PANI can expand the interlayer spacing and
effectively buffer the local electrostatic interaction for facile Ca?* diffusion.
Meanwhile, the density functional theory (DFT) calculations prove that the
PANI coating inhibits manganese dissolution by forming strong Mn-N bonds
to enhance the structural integrity of MnO,. Benefitting from the above, the
MnO,-PANI (MnO,-P) cathode delivers high capacity (150 mAh g=' at 0.1 A
g~ '), excellent rate performance (120 mAh g=' at 1 A g=') and long-term
cycling stability (5000 cycles). The organic-inorganic hybrid desig provides a
new strategy for developing high performance CIBs cathode materials.

1. Introduction

the multi-electron reaction can provide
higher theoretical energy density .12 Ca-
ion batteries (CIBs) are attracting a great
deal of attention due to the low standard
potential (—2.87 V vs SHE) of Ca metal,l’’
low polarization intensity of Ca?**] and
high abundance of Ca resources. Never-
theless, the development of CIBs is con-
fined by poor rate performance of the cur-
rent cathode materials due to the slow
migration kinetics of Ca’* ions and the
structural damage of host materials stem-
ming from the large size of Ca?* ions.)
Therefore, it is very important to de-
velop high-performance cathode materi-
als to accelerate the development of CIBs.

Manganese dioxide (MnO,) have been
identified as an promising cathode mate-
rial for various multivalent-ion batteries
due to its diverse crystal structures, non-
toxic, high energy density and good eco-
nomic benefits.l! Unfortunately, the re-
search about MnO, as cathode materials
for CIBs is rarely reported. Our previous

research has first reported four types of MnO, polymorphs

In recent years, with the increasing demands for electric ve-
hicles and fixed energy storage systems, it is urgent to search
new energy storage technologies with lower cost, higher energy
density and longer lifespan.[!l Multivalent-ion batteries based on

(a, B, v, and 6-phase) as CIBs cathode material, wherein §-MnO,
exhibits the best electrochemical performance due to the higher
Ca-ion diffusivity of 6-MnO,.”] Nevertheless, the §-MnO, still
suffers from poor cycle life and rate performance. In terms of the
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Figure 1. Schematic illustration of the proposed strategy. a) the pristine MnO, suffers from severe dissolution of Mn?* due to the disproportionation
reaction of Mn®* and the strong electrostatic reaction between Ca?* ions and host material results in slow diffusion dynamics. b) Interlayer engineering
and interface design can effectively promote ion diffusion and inhibit Mn dissolution.

reaction mechanism of batteries, this is due to manganese-based
materials suffer from the disproportional reaction of Mn** dur-
ing electrochemical process, leading to manganese dissolution
and structural degradation.®] Furthermore, the strong electro-
static interaction between Ca®* ions and manganese oxide layer
hinders the diffusion dynamics,’! resulting in the poor rate per-
formance (Figure 1a). Therefore, it is a very important challenge
to explore effective strategies to enlarge the interlayer space, sup-
press the cathode dissolution, and shield the electrostatic inter-
action of guest ion for the MnO,. The organic-inorganic hybrid
structure has the characteristics of large interlayer space, multi-
ple interfaces, and charge redistribution between adjacent layers,
displaying exciting electrochemical performances in other mul-
tivalent ion batteries.'”) Whereas, this remarkable structure as
cathode materials for CIBs has not been report yet.

Herein, we reported a strategy to comprehensively improve
the Ca-ion storage dynamic and stability of MnO, cathode ma-
terial for CIBs by introducing polyaniline (PANI) and PANI
coating layer. The intercalation of PANI not only enlarges the
interlayer spacing but also shields the electrostatic interaction
between Ca?* ions and MnO, host, facilitating Ca?* diffusion
(Figure 1b). Meanwhile, the Mn-N bonds are formed at the in-
terface between MnO, and PANI coating, which can effectively
inhibit the dissolution of manganese. In addition, the results
of density functioncal theory (DFT) calculation show that elec-
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tron delocalization on PANI chain reduces the electron interac-
tion between Ca’* ion and MnO,, thereby promoting the extrac-
tion/insertion process of Ca?*. Benefitting from the above fea-
tures, theMnO, with PANI intercalation and coating (MnO,-P)
cathode exhibits superior rate performance and cyclic stability
compared to the MnO,. To the best of our knowledge, the MnO,-
P delivers a long cycle life of 5000 cycles, which is superior to
the all previously reported oxides as cathode materials for CIBs.
Meanwhile, in situ X-Ray Diffracion (XRD) and ex situ charac-
terizations show that the (de)intercalation mechanism of Ca?* in
MnO,-P is a single-phase solid solution reaction.

2. Results and Discussion

The synthsis of MnO,-P organic-inorganic hybrid structure is de-
picted in Figure 2a. When the MnO, and polyaniline are mixed,
PANI is inserted into the interlayer of manganese dioxide while
forming a PANI coating on the surface of manganese dioxide,
thus forming a hybrid structure (MnO,-P). The XRD pattern
(Figure 2b) displays that the as-synthesized MnO, is birnessite
MnO2 (JCPDS card No. 087-1497) without any impurities.[®
Compared with the pristine MnO,, the layer spacing increased
from 0.70 to 0.72 nm after the insertion of PANI. The associ-
ated energy dispersive spectroscopy (EDS) line-scan elemental
distribution profiles indicate that the MnO,-P microsheet has
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Figure 2. a) Schematic synthesis of the MnO,-P organic-inorganic nanosheets. b) XRD patterns of pristine MnO,, MnO,-P . c) TEM-EDS mapping of
MnO,-P. d,e,f) HRTEM images and Mn 2p XPS spectra of MnO, and MnO,-P. g) N 1s XPS spectra, h) Raman spectra, and i) FTIR spectra of PANI,

MnO, and MnO,-P.

a smooth surface and the Mn, O, and N atoms are evenly dis-
tributed. This further indicates the insertion of PANI (Figure
S1, Supporting Information). To further demonstrate that inter-
layer changes can be attributed to the insertion of PANI, rather
than just the removal of potassium ions, we characterized the
MnO, after electrochemical depotassiation. The electrochemical
depotassiation process of the cathode electrode of MnO, was per-
formed in a MnO, //AC cell. The inductively coupled plasma op-
tical emission spectrometer (ICP-OES) test results (Table S1,
Supporting Information) show that the atomic ratio of K:Mn
in depotassiatedMnO, (D-MnO,) is 0.15:1, which indicates that
potassium ions in MnO, are partially removed during the charg-
ing process. In addition, the XRD pattern (Figure S2, Support-
ing Information) displays that the peaks of D-MnO, correspond-
ing to the (001) and (002) planes shift to a lower angle compared
with the MnO,, indicating that the expansion of interlayer spac-
ing from 0.70 to 0.73 nm after K* extraction. Moreover, the in-
terlayer spacing of D-MnO, is inconsistent with that of MnO,-P,
which indicates that the interlayer spacing variation of MnO,-P is
caused by the extraction of K-ion and the insertion of PANI. The
scanning electron microscopy (SEM) images show that the pris-
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tine MnO, is composed of nanosheets with width ranging from
0.5 to 1 ym and the MnO,-P displays similar morphology to the
pristine MnO, (Figure S3, Supporting Information). The trans-
mission electron microscopy—-EDS (TEM-EDS) mapping images
show the homogeneous distribution of Mn, O, and N elements
over the whole nanosheet, demonstrating the existence of PANI
in MnO,-P (Figure 2c). The high-resolution TEM (HRTEM) im-
ages (Figure 2d,e) indicate that the interlayer spacing expands
from 0.70 to 0.72 nm after PANI insertion, which are matched
well with the result of XRD. The ICP-OES analysis (Table S1,
Supporting Information) reveals that the atomic ratio of K:Mn of
MnO, and MnO,-P are 0.34 and 0.10, respectively, which indi-
cates that the partial K ions are removed from the MnO, struc-
ture during the synthesis of MnO,-P. Furthermore, the SEM-EDS
elemental mappings (Figure S4, Supporting Information) show
that the reduction of K element and the uniform distribution of
N element in MnO,-P. This results demonstrate that PANI ex-
change with K ion. The XPS result reveals the increase of Mn
valence in MnO,-P, which may be due to the partial removal of
K* ions (Figure 2f). Notably, the HRTEM images show crystal-
lized MnO, sheets and amorphous PANI coating with thickness
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Figure 3. a) CV curves of MnO, and MnO,-P. b) Corresponding GCD profiles of MnO, and MnO,-P at 100 mA g~ . c,d,e) Rate performance and cycling
performance of MnO, and MnO,-P. f) The GCD of MnO,-P sample at different current densities. g,h) Comparison of rate capability and cycle stability.

of about 5 nm (Figure S5, Supporting Information), which indi-
cate that the PANI coating was formed on the surface of MnO,.
In N 1s XPS spectra (Figure 2g), the peaks at 399.4 and 401.4 eV
correspond to the —N = and —N*— signals, respectively, while
the peak at 400.2 eV is attributed to Mn-N bond owing to the
intensive interaction between MnO, and PANLI®>'] To further
clarify the interaction between PANI and MnO, in the compos-
ite, the Fourier transform infrared (FTIR) spectroscopy and Ra-
man spectroscopy were carried out. In the Raman spectrum of
MnO,-P, the peaks at the range of 300-700 cm™" are belonged to
MnO, groups in MnO,,!*? and the peaks at 1100-1700 cm ! are
assigned to the PANI polymer.[1%] Compared to pristine MnO,,
the peak of Mn-O bond in MnO,-P (Figure 2h) shows blue shift
owing to the introduction of PANI in the composites.[!*! Mean-
while, MnO,-P exhibits a weakened C-N* stretching vibration
and a low-wavenumber shift of the characteristic peaks, indi-
cating the formation of chemical bonds (Mn-N) between MnO,
and PANILI Figure 2i demonstrates FTIR spectra of MnO,-P,
PANI and MnO,. Compared with pure PANI, the characteris-
tic peaks of PANI in MnO,-P shifts to a high wavenumber ow-
ing to the existence of interactions between PANI and MnO,.["]
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In addition, the characteristic peak of MnO, in MnO, shifts to-
ward the high wavenumber. The stronger interaction of Mn-N
bond than Mn-O bond leads to the higher vibration frequency.['!
(Figure S6, Supporting Information). Besides, the FTIR spec-
trum of MnO,-P also exhibits a reduction of the C-N* stretching
vibration,['*) which are consistent with the Raman results. Ac-
cording to the result of CHNS element analysis, the PANI con-
tent of MnO,-P sample was determined as ~16.8 wt% (Table S2,
Supporting Information). In addition, thermogravimetric anal-
ysis (TGA) curves (Figure S7) shows that the content of PANI
in the MnO,-P mixture is 17.1 wt%, which are consistent with
the CHNS results. The XRD, XPS, Raman, and FTIR results all
demonstrate that the MnO,-P hybrid cathode with both PANI in-
tercalation and coating was obtained successfully.

To further explore the benefits of organic-inorganic hybrid
structure, the electrochemical test of MnO,-P and pristine MnO,
were evaluated in the CR2016 coin cells, in which activiated
carbon (AC) as reference and counter electrodes and 0.5 M
Ca(TFSI),/AN as the electrolyte. Figure 3a shows the cyclic
voltammetry (CV) curves of MnO,-P and pristine MnO, at a
sweep rate of 0.2 mV s~!. The MnO,-P cathode exhibits a wider
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CV area compared with MnO,, implying a higher capacity. In
particular, the first three CV curves roughly overlap, revealing
a highly reversible electrochemical reaction of MnO,-P (Figure
S8, Supporting Information). The galvanostatic charge-discharge
(GCD) curves of MnO,-P and MnO, at the current density of
100 mA g~ are displayed in Figure 3b. Significantly, the MnO,-P
shows a lower polarization potential and a higher specific capac-
ity (150 mAh g=!) than MnO,. Moreover, the MnO,-P provides
better rate performance than that of MnO, (Figure 3c). The spe-
cific capacity of MnO,-P retains 150, 140, 134, and 120 mAh g~!
at the current densities 0of 0.1, 0.2, 0.5, and 1 A g™, respectively.
In addition, MnO,-P electrode presents durable cycling stability
compared to the MnO,. Under the current density of 0.1 A g~!
(Figure 3d), MnO,-P reaches higher capacity retention of 91.9%
than MnO, (70%) after 100 cycles, exhibiting the significantly en-
hanced structure stability of MnO,-P. In particular, MnO,-P still
maintains the capacity of 62 mAh g=! even after 5000 cycles at
1 A g1, while the capacity of MnO, rapidly declines to 49 mAh
g~ ! after only 300 cycles (Figure 3e). It should be noted that the
increase of capacity was observed in the first 100 cycles at the cur-
rent density of 1 A g=! (Figure 3e), which is ascribed to the de-
crease of overpotential originated from the improvement of reac-
tion kinetics (Figure S9, Supporting Information). Moreover, the
decrease of impedance after 300 cycles also proves that the in-
crease in capacity is due to the enhancement of dynamics (Figure
S10, Supporting Information). In addition, the SEM was used to
characterize the morphology of MnO,-P after cycling. The MnO,-
P after 300 cycles at 1 A g~ still displays nanosheet-like morphol-
ogy similar to that of the fresh one, indicating the high structural
stability of MnO,-P electrode (Figure S11, Supporting Informa-
tion). As shown in the Figure S12 (Supporting Information), the
(001) peak of MnO,-P weakens after 300 cycles, indicating partial
disordering during the activation of MnO,-P. These results indi-
cate that the capacity increase is due to the enhancement of dy-
namics and the activation of the electrode material. Moreover, the
GCD curves of MnO,-P cathode at various current densities dis-
play lower polarization (Figure 3f). In addition, the excellent rate
performance (Figure 3g) and cycle stability (Figure 3h) of MnO,-
P cathode are superior to that of previously reported other CIBs
cathode materials (Table S5, Supporting Information) .>#7:17]
The electrochemical kinetics of MnO,-P and pristine MnO,
were analyzed. Figure 4a shows the CV curves of MnO,-P at dif-
ferent scan rates from 0.2 to 1 mV s™!. As the scan rate increases,
the anodic and cathodic peaks show a slight potential shift, im-
plying a highly reversible redox reaction. The kinetic calculation
details are shown in Supporting Information. The b values of two
peaks (cathodic, anodic) were calculated to be 0.95 and 0.90, re-
spectively (Figure 4b). These results manifest that the storage
mechanism of calcium ions in MnO,-P is dominated by capac-
itive process. With the increase of scanning speed from 0.2 to
1 mV s71, the capacitive capacity contribution of MnO,-P elec-
trode gradually increases from 70% to 86% (Figure 4c), demon-
strating that the electrochemical behavior of MnO,-P electrode
is dominated by capacitive process. As shown in Figures S13
and S14 (Supporting Information), the capacitive capacity con-
tribution of MnO,-P (82%) is higher than that of MnO, (72%)
for the total Ca?* storage at 0.6 mV s~!. Therefore, the excellent
rate performance of MnO,-P is associated with the higher con-
tribution of capacitance behavior. In addition, the galvanostatic
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intermittent titration technique (GITT) test was conducted to fur-
ther assess Ca’* diffusion dynamics. The GITT curve of MnO,-
P electrode and the corresponding diffusion coefficients (D) are
presented in Figure 4d. The calculation details of diffusion coef-
ficient are shown in Figure S15 (Supporting Information). The
calculation results show that the Ca—ion diffusion coefficients of
MnO,-P electrode during charge and discharge process are be-
tween 3.62 X 10710 ~ 2.51x107!? and 2.24x1071°~ 3.78x107
cm? s7! (Figure 4d), respectively, which are higher than these of
pristine MnO, (Figure S16, Supporting Information). The EIS
measurements further confirm the good kinetics of MnO,-P. As
shown in Figure S17 (Supporting Information), the MnO,-P dis-
plays a lower charge transfer resistance than pristine MnO,, sug-
gesting that the MnO,-P electrode has faster interfacial charge
transfer kinetics.

In addition, the diffusion paths and energy barriers of Ca?*
in MnO, and MnO,-P were studied by climbing-image nudged
elastic band (CI-NEB) calculation. The possible diffusion paths of
MnO,-P are shown in Figure S18 (Supporting Information). The
calculated diffusion energy barriers of Ca-ion in MnO,-P along
b-axis (path 1) and a-axis (path 2) are 0.301 and 0.221 eV, respec-
tively (Figure 4f), which is much lower than that of pristine MnO,
(0.473 and 0.355 eV, respectively) (Figure 4e and Figure S19, Sup-
porting Information). The much lower diffusion barriers for the
MnO,-P endows the Ca?* transfer with fast kinetics. The elec-
tronic density of states (DOS) of pristine MnO, and MnO,-P is
shown in Figure 4g. Compared with the pristine MnO,, MnO,-
P shows higher DOS intensity near Fermi energy level and no-
ticeably narrower bandgap. This means that the introduction
of PANTI greatly affects the DOS and leads to a significant in-
crease in electronic conductivity. In addition, the electronic con-
ductivities of the electrodes were measured by four-probe method
(Figure S20, Supporting Information). Consistent with the above
result, the MnO,-P electrode presents much higher electronic
conductivity of 4.34 S cm™! than that of the MnO, electrode (1.51
S cm™!). In order to research the bonding behavior of Ca ions,
charge density distributions of both pristine MnO, (Figure 4h)
and MnO,-P (Figure 4j) with one inserted Ca?" were calculated.
The charge transfer between Ca** and MnO,-P is —1.46 e~, which
is lower than that between Ca?* and MnO, (—1.79 e7). The de-
creased charge transfer indicates that the less electronic inter-
action between the inserted Ca?* ions and MnO, host after the
introduction of polymer. The weaker electrostatic interaction be-
tween Ca’* and MnO,-P facilitates the diffusion of Ca-ion. In
summary, the enhanced Ca-ion diffusivity and conductivity of
MnO,-P electrode, are responsible for the improved rate perfor-
mance.

The origin of enhanced cycling stability of MnO,-P was also
studied. It is well known that manganese dissolution is the
main cause for the capacity attenuation of manganese-based
materials.[’®] The manganese dissolution content of MnO, and
MnO,-P electrodes were evaluated by comparing the electrolytes
before and after cycling. To observe the changes of electrolyte
more clearly, the electrochemical tests were performed in a three—
electrode system with the MnO, and MnO,-P as working elec-
trodes, AC and Ag/AgCl as counter electrodes and reference elec-
trodes, respectively. Remarkably, the electrolyte for MnO,-P still
remains colorless and transparent after 300 cycles (Figure 5a),
whereas the electrolyte for MnO, exhibits a significant color

© 2023 Wiley-VCH GmbH

85U8017 SUOWILLIOD A1) 3|qeoljdde ayy Aq peusenob a1e saolie O ‘85N JO Sa|Nn 10j ARIq1T8UIUO A8]IM UO (SUONIPUOD-PU-SLLBYWI0D A8 | ARe.q1jBul [UO//SANY) SUONIPUOD pue sWie 1 8y} 88s *[£202/90/G2] o Akeidiauliuo A(1m ‘ABojouyoe L JO AiseAIuN BRH Aq ¥TOTOEZ0Z WUSe/Z00T OT/I0p/LI00 A8 1M AlIq 1 BUIIUO//:SANY WO.) pepeojumod ‘0 ‘0r89yTIT



ADVANCED “ENERGY
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de

Potential (V vs. AC)
415 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
a 040 b -2 c 140 -
0.32] MnO-PANI Peak 1 s Peak1 7 Capacitive
5 o =04 sl 1204 Diffusion
o0
< -0.6 < 1001
= £
-0.8 g
§ § w e
210 Z 609 o 8% 1
§ 12 ,E. 404 70%
® 1.4 B enic1 =0.90 S ]
<0321 mve'  Peak2 i = byeusc2 =095 o 20
-0.4 5 5 -1.6 0 T T v v :
1.5 2.0 25 3.0 35 40 45 50 08 -06 -04 -0.2 0.0 0.2 02 04 06 08 1
Potential (V vs. Ca®'/Ca) log (scan rate, mV s™) Scan rate (mV s!)

d 4.0 1E-08 € 0.5{ Mno, Path 1 f 0.32{ MnO,-PANI Path 1
32 ot — Path2 —— Path 2
9 1E-10 _ 04 0.355 eV 0.221 eV
2 24 e, s o 0.24
2 = 2 03 >

| 12 T . I

S 16 F1E-12 T om > 0.6

= 08 e S 202 g

= ple- S H =

§ 0.0 |' a 01 0.08

~ .08 1E-16

0.0 0.00
-1.6 r v v
1E-18 0 1 2 3 4 5 5

0 80 160 240 320 400
Specific Capacity (mAh g™)
g ]

15
0S4
-15
230

30
15
04
-15
-30

Density of states (Arb.Units)

-10 -I8 -.6 6

4 2 0 2
Eletron energy (eV)

Figure 4. a) CV curves at various scan rate from 0.2 to 1.0 mV s~'. b) The linear fitting curves between log i and log v of the marked peaks at different
scan rates. c) The contribution ratios of the capacitive capacities in MnO,-P electrode. d) Discharge-charge GITT profiles and the corresponding Ca?*
diffusion coefficient of MnO,-P cathode. e,f) Ca®* migration behaviors along the a, b-axis in MnO, and MnO,-P. g) Density of states for MnO, and
MnO,-P, where the dashed line represents the Fermi energy at 0 eV. h,i) The differential charge density of Ca?* intercalated MnO, and MnO,-P. The
yellow area represents charge accumulation, the light blue area represents charge depletion.

change after 100 cycles, demonstrating the dissolution of man-
ganese species. Subsequently, the deepened yellow color of the
electrolyte for MnO, can be easily observed after longer cycling
process, indicating the dissolution of more manganese. To un-
veil the capacity fading mechanism of MnO, during cycling, the
XPS analysis of the glass fiber separators and the anodes at pris-
tine and cycled states was performed to identify the presence
of Mn in electrolyte and anode after cycling. The color of glass
fiber separator in MnO, //AC cell turns dark yellow after 300 cy-
cles (Figure S21, Supporting Information), owing to dissolving
Mn?* from MnO, electrode. In contrast, the color of the separa-
tor in the MnO,-P//AC cell after cycling only change slightly. In
the Mn 2p XPS spectrum of the pristine AC anode (Figure S22,
Supporting Information), no Mn signal is detected. However, in
the Mn 2p XPS spectrum of the AC anode after 300 cycles, ob-
vious Mn 2p peaks are observed, indicating that Mn is dissolved
from MnO, electrode and transferred to anode side. In addition,
based on the ICP-OES results, the Mn element content of separa-
tor in MnO,-P//AC cell after 300 cycles is much lower than that
in MnO,//AC cell (Figure 5b). These results demonstrate that
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the dissolution of MnO,-P is effectively alleviated compared to
that of MnO,. To further study the reasons for inhibiting man-
ganese dissolution, the DFT calculations have been applied to
compute the formation energy of Mn-N bond and the energy bar-
rier (E) of Mn atoms removed from MnO, and MnO,-P. Figure
S23 (Supporting Information) shows the energy change during
the model optimization iteration, which indicates that demon-
strating that surface Mn has been strongly fixed by Mn-N bond-
ing. Figure 5c reveals that the escape of Mn atoms from Mn-N
bonds in MnO,-P requires an energy barrier of 5.741 eV, which is
much higher than that of MnO, (3.862 eV). This indicates that the
dissolution of manganese in MnO,-P is more difficult than that
in MnO,. In order to explain the effect of Mn—N bond on MnO,
electrode material, the migration of manganese in MnO, and
MnO,-P during Ca** de/intercalation are shown in Figure 5d.
For MnO,, the Mn dissolution into the electrolyte through the
cathode/electrolyte interface in the cycling process.[*) For MnO,-
P, the dissolution of Mn on the surface is suppressed due
to the formation of strong Mn-N bond between MnO, and
PANIL
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Figure 5. a) Digital images of electrolyte: after 100 cycles (left), after 200 cycles (middle) and after 300 cycles (right) in AC//MnO,-P coin cell . b) The
ICP-OES result of the glass fiber separator under different cycle number. (c) Energy barrier of manganese vacancy formation from the structure of
MnO, and MnO,-P. d) Mn dissolution due to the unstable or disordered surface and schematic diagram of polyaniline coating inhibiting manganese
dissolution. e) Schematic structure of full CIBs. f) GCD curves and g) Cycling performance of MnO,-P//Ca,MoOj at a current density of at 50 mA g~ .

In order to further prove the great potential MnO,-P as the
cathode material for CIBs, the full CIBs with MnO,-P as cath-
ode, Ca(TFSI),/AN as the electrolyte, and Ca,MoO; as the an-
ode were assembled. The XRD pattern in Figure S24 (Sup-
porting Information) shows that the crystal phase of obtained
anode materials is well matched with MoO;. The SEM im-
age shows the nanoribbons with a length of 10-15 pm and
a width of 300 nm (Figure S25, Supporting Information). In
addition, the charge/discharge curves of MoO, are shown in
Figure S26 (Supporting Information). The Ca,M0O, anode was
formed by inserting calcium ions into MoO;. Figure 5e demon-
strates the schematic of the Ca?* transfer between MnO,-P and
Ca,Mo0O; during charge/discharge process. Both MnO,-P and
Ca,Mo0O, electrode materials are able to realize the reversible
insertion/extraction of Ca?* ions. The GCD curves and cycling
performance of the full CIBs are shown in Figure 5f,g, respec-
tively. The full cell delivered a discharge capacity of 56 mA h
g~!at 50 mA g~! and good reversibility with a capacity retention
of 42 mA h g=! after 200 cycles. The MnO,-P exhibits appeal-
ing electrochemical performance in full CIBs, demonstrating its
great potential for energy storage devices. To further demonstrate
the great potential of MnO,-P as the cathode material for CIBs,
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the Ca-metal battery with MnO,-P as cathode, Ca[B (hfip),],/DME
as the electrolyte, and Cametal as the anode were assembled. As
shown in Figure S27 (Supporting Information), MnO,-P shows
an initial discharge capacity of 205 mAh g=! at 30 mA g~!. How-
ever, the discharge capacity of MnO,-P decays to 43 mAh g~ af-
ter 10 cycles (Figure S28, Supporting Information), which may
be due to electrolyte instability or the passivation of the metal Ca
surfacel?]

To reveal the Ca?* ion storage mechanism of the MnO,-P, in
situ XRD and ex situ characterizations were carried out. Figure 6a
shows the in situ XRD patterns and the corresponding GCD
curves of MnO,-P. Figure S29 (Supporting Information) shows
that the (001) peak intensity of MnO,-P decreases gradually dur-
ing discharge, indicating that MnO,-P changes into a disordered
structure during Ca?* insertion. The diffraction peak is partially
irreversible disordering after extracting Ca®*. In the ex situ XRD
pattern of MnO,-P (Figure S30, Supporting Information), irre-
versible disordering occurs in the first cycle, but a reversible
transformation of the ordered and disordered structure occurs in
subsequent cycles. This is consistent with the previously reported
mechanism of calcium ion insertion/extraction in manganese
dioxide. In view of the in/ex situ XRD results, the interlayer
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discharged and charged states.

spacing of the MnO,-P in different states were compared
(Figure 6d). In the discharge state, the characteristic peak (001)
shifts from 12.2° to 13.0°, implying the decrease of d-spacing
from 0.72 to 0.67 nm. This contraction of interlayer spacing can
be attributed to the attraction force between intercalated Ca?*
and the oxygen layer of MnO,.l"’™ Subsequently, upon the first
charge (Figure S30, Supporting Information), the (110) peak re-
covers to the original state, the d-spacing increased from 0.67 to
0.72 nm, demonstrating a good reversibility of MnO,-P cathode.
Figure 6¢ shows the high-resolution Ca 2p XPS spectra of MnO,-
P at different states. In the pristine state, the Ca 2p XPS spec-
trum exhibit the absence of calcium. Upon discharging to —1.5V
(vs AC), strong Ca 2p signals were detected, while the intensity
significantly decreased after charging to 1.5 V. Figure 6e shows
the Mn 2p XPS spectra of MnO,-P at different states. In the dis-
charged MnO,-P electrode, the intensity of Mn** peak at 642.6 eV
weakens while that of Mn** peak at 641.7 eV enhances, imply-
ing the reduction of Mn** to Mn** during the insertion of Ca?*.
Correspondingly, the intensity of the Mn** peak increases after
charging, which demonstrates that the Mn?* is oxidized to Mn**
during the charging process (Table S4, Supporting Information).
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To determine whether PANI also undergo redox reactions dur-
ing electrochemical charge/discharge, ex situ N 1s XPS analysis
(Figure S31, Supporting Information) was performed. The N 1s
XPS spectra of pristine MnO,-P cathode were fitted with three
peaks related to benzoid amine —NH—, quinoid imine —N =, and
positively charged nitrogen —N*—, located at 400.2, 399.4, and
401.4 eV, respectively.[?!] The peak intensity of —N = at 399.4 eV
is strengthened at discharged state and weakened at charged
state, indicating the conversion between the quinonoid rings and
benzenoid rings during the charge/discharge.?”) These results
demonstrate that the redox reaction of polyaniline also occurs
during electrochemical charge/discharge. Moreover, the Ca/Mn
atomic ratios of MnO,-P at the pristine, 1st discharged, 1st
charged states were determined to be 0.00, 0.44, and 0.03, respec-
tively, demonstrating the reversible Ca’* insertion/extraction in
MnO,-P (Table S3, Supporting Information). In addition, the ex
situ HRTEM images further reveal that the interlayer distances of
the fully discharged and charged of MnO,-P are 0.67 and 0.72 nm
(Figure 6f,g), respectively, which agree well with the in/ex situ
XRD results. The EDS mappings of the discharged MnO,-P re-
veal the clear outlines of Mn, O, N, and Ca elements, which
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confirms the Ca?* intercalation (Figure 6h). Upon charging to
1.5 V, the weak Ca signal indicates the Ca’* deintercalation.
These results confirm the (de)intercalation mechanism of Ca**
in MnO,-P is a single-phase solid solution reaction.

3. Conclusions

In summary, we design high-performance MnO,-P cathode with
both PANI intercalation and coating for CIBs. Detailed charac-
terization combined with experiments strongly demonstrate the
successful intercalation of PANI in the MnO, layer and the for-
mation of Mn-N bond on the surface of MnO,. The intercalated
PANI in MnO, expands layer spacing and achieves the better
rate performance than pristine MnO,. The electron delocaliza-
tion on the PANI weaken local charge transfer for facilitating
Ca** diffusion. Moreover, the PANI coating suppresses the dis-
solution of Mn by forming Mn-N bond thus enhances structural
stability. A combination of kinetic analysis and DFT results reveal
that the organic-inorganic hybrid materials (MnO,-P) had faster
ion transport kinetics and inhibit the dissolution of Mn. Hence,
MnO,-P exhibits superior rate capability (1220 mAh g=!at 1 Ag™!)
and long-term cycle (62 mAh g~! over 5000 cycles), which is su-
perior to previous reported other CIBs cathodes materials. This
work provides a novel roadmap to explore or engineer cathode
materials for advanced CIBs.
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