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Figure S1. Diagrammatic sketch of synthesis process for MnVO spinel sample. The
preparation process of MnVO model sample, or MnVO@C sample, mainly includes
two steps: (1) Acquisition of precursors through evaporation and desiccation; (2)
Crystallization through high temperature calcination. See the Methods section for

more detail.



Figure S2. Scanning electron microscope (SEM) image of MnVO spinel. The
morphology of MnVO sample is micron-nano-sized particles, which assure the full
contact of active material and electrolyte. These particles have the same traditional
morphology as other spinels synthesized by high temperature calcination, like spinels

for lithium ion battery (LIB) and spinels for zinc ion battery (ZIB).% 2



Figure S3. Transmission electron microscope. (a) High resolution transmission

electron microscope (HR-TEM) image of MnVO spinel, inset is the magnification of
local image. It is clearly shown that the well crystallized and orderly structure can be
obtained. The high crystallinity is attributed to the high temperature of 800 °C used in
annealed process. The crystalline interplanar spacing of 2.57 A is indexed to
crystallographic planes of (311) of MnVO spinel, indicating the successful preparation
for structure model. (b) Atomic resolution HAADF-STEM image of MnVO spinel. The
features of high crystallization and free of defects for MnVO spinel are further shown

in atomic resolution STEM image.
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Figure S4. X-ray diffraction (XRD) curve of MnVO@C spinel. The carbon-coated
sample of MnVO@C shows identical diffraction peaks to MnVO, indicating the
amorphous nature of coated carbon. Amorphous materials, with more active sites,

high conductivity and structure stability, are regarded to benefit electrochemistry

active for ions storage.3



Figure S5. High resolution transmission electron microscope (HR-TEM) image of
MnVO@C spinel. It is clearly shown that the amorphous carbon layer with a thickness
of about 6 nm is coated on the surface of MnVO uniformly. Besides, crystallographic
planes with 2.57 A and 3.00 A interplanar spacing correspond to (311) and (220) of

MnVO, respectively.



Figure S6. SEM element mapping of MnVO@C spinel. The elements of Mn, V, O and
C are homogeneously dispersed in the entire area of MnVO@C. In the method for
preparation of samples, the homogeneous precursor can be successfully obtained by
using the liquid phase method under rapid agitation. High quality samples gauged by

XRD originate in the uniformity of precursor.
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Figure S7. Galvanostatic charge-discharge (GCD) curves at different current densities
for MNVO@C. After structure self-optimization, the specific capacity of MnVO@C is
610.2 mAh g1 at 200 mA g (the 10™ cycle). Even at a greatly high current density of

5000 mA g, the specific capacity still has 200 mAh g*.
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Figure S8. Specific discharged capacities of three batteries at the 10th cycles for
MnVO@C. Three batteries were assembled to assess the capacity undulations. It can
be seen that the battery 1, 2 and 3 have specific capacities of 615.5, 610.2 and 601.3
mAh g?, respectively. We chose the median value of 610.2 mAh g! as the
representative capacity value in the main text. The average specific capacity is 609.0
mAh g1 with a standard deviation of 5.86. Besides, the Coulombic efficiency of these
three batteries is100.10%, 98.71% and 99.24%, respectively. The average Coulombic

efficiency is 99.35% with a standard deviation of 0.99%.
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Figure S9. Cyclic stability at low current density of 1.0 A g'! for MnVO@C, ZnVO@C,
and V30;. The cyclic stability of MnVO@C electrode at low current density was
measured at 1.0 A gX. The MnVO@C electrode exhibits stable cycling with a high
specific capacity of 370 mAh g after 100 cycles, contrasting sharply with the ZnvO@C
electrode and V307 electrodes without manganese (only 118.1 mAh g for ZnvOo@cC

and 224.8 mAh g after 100 cycles).



Table S1. The comparision of specific capacity between MnVO@C and other
cathodes. The recent preeminent scientific reseaches on Zn ion batteries (ZIBs) are
selected to compare with this work, including V-based, Mn-based oxide and other
compounds. Attentively, the current density and electrolyte used in these works are

noted in the table.

Serial Cathode capacity Current Electrolyte
number (mAhgtl) (mAg?)
1 Nao.33V20s* 367.1 100 3M Zn(CFsS0s3);
2 V205> 470 200 3M Zn(CFsS0s3);
3 MgxV20s-nH,0° 353 100 3M Zn(CF3S0s3);
4 V205-nH,0’ 381 300 3M Zn(CFsS0s3);
5 MnVO? 415 50 3M Zn(CF3S0s3);
6 CaVvo? 466 100 3M Zn(CFsS03)2
1 Ko,gMngolslo 320 100 2 M ZnSO4/O.1 M
MnSO4
2 a-MnO,! 290 90 2 M ZnS04/0.2 M
MnSO4
3 MGS?'? 362.2 300 2 M ZnS04/0.2 M
MnSO4
4 Og-Mn0,*3 345 200 1 M ZnS04/0.2 M
MnSO4
5 P-MnO2,1* 302.8 500 2 M ZnS04/0.2 M
MnSO4
6 cw-Mn0,% 350 100 1 M ZnSO4
1 VS,1e 190.3 50 1 M ZnSO4
2 CoFe(CN)eY” 173.4 300 4 m Zn(OTf)2
3 ZnMn;04/C* 150 50 3M Zn(CF3S03),
4 MgV,048 272 200 2 M Zn(TFSl),
5 Nao_14Ti5219 140 50 2M Zn(CF3SO3)2
6 Bi,S3%° 161 200 2 M ZnS0O4
This MnVO@C 615 200 3M Zn(CF3S0s3);
work




Table S2. The comparison between MnVO@C and other vanadium- based cathodes
using two common descriptors of specific capacity and cycle life. The performance of
MnVO@C is benchmarked with the state-of-the-art ones using specific capacity and
cycle life as descriptors to illustrate the significant buffer role of Mn ions in the self-

optimized cathode.

Description Cathode Capacity (current Cycle life (current
density A g1) density A g1)

Mn-optimized MnVvQ8 415 (50) 2000 (4)
vanadium oxide MnVO-3002 357 (500) 1500 (10)

Other metal ions-optimized Zno.2sV205 NH20% 300 (300) 1000 (2.4)
vanadium oxide MgxV20s nH208 353 (100) 2000 (5.0)

8 -Nio.25V205 TH202 402 (0.2) 1200 (5.0)

No metal ions-optimized PVO-60% 400 (0.1) 1000 (10.0)

vanadium oxide VNo.9Oo.15%° 603 (0.12) 1800 (25C)
V205 71H207 381 (0.06) 900 (6.0)

Amorphous vanadium oxide A-V205/G%* 489 (0.1) 3000 (30.0)

This work MnVO@C 615 (0.2) 4000 (5.0)
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Figure S10. The diagram of hole-opening coin cell used for operando SXRD test. A
hole-opening coin cell is designed based on the conventional coin cells used in
laboratory. In order to pass through the X-ray, holes are punched on the center of
positive shell, negative shell, gasket and Zn foil. Different from sodium and lithium, it
is crucial that a hole should be bored in the center of zinc wafer in older to avert the
strong adsorption of Zn for X-ray. After assembled, the holes on positive and negative

shells are sealed by Kapton tapes.



Figure S11. The measurement environment of operando SXRD test. The operando
SXRD is carried on at the beamline BL14B1 in Shanghai Synchrotron Radiation Facility
(SSRF), which equips with a Huber 5021 six-circle diffractometer system and a Mythen
1K linear detector. The above mentioned hole-opening coin cell (Figure S10), pasted

on synchrotron radiation device, is operated on Land CT2001A battery test system.
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Figure S12. The separators unfolded after suffering different cut-off voltage cycles.
The batteries are separated at different representative voltage states to observe what
has happened inside. It is found that the separator is in white after first discharged to
0.2 V, however, the separators become darker black after first charged to 1.8 V (after
structure self-optimization) and remain unchanged on subsequent cycles. The same

results are also obtained for the surface of Zn anode.
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Figure S13. The specific surface area and pore size distribution of pristine MnVO@C
and after charging to 1.8 V. (a) Nitrogen adsorption/desorption isotherms, (b) Pore
size distribution. Notably, the specific surface area and pore size distribution analyses
for pristine MnVO@C (before structure self-optimization) and after charging to 1.8 V
(after structure self-optimization) show the remarkably increased specific surface area
and pore volume. In detail, the specific surface area increases from 5.98 m? g* to 76.18
m? g1, which is attributed to the amorphous features of optimized electrode. The
result of pore size distribution indicates that the pore diameter of optimized sample is

about 10 nm that belongs to mesoporous.
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Figure S14. The electrochemical impedance spectroscopy (EIS) spectra of the
MnVO@C model before (Initial) and after structure self-optimization (After 15*-C1.8).
The diameter of semicircle at high frequency region represents the charge transfer
resistance (Rc) of the electrode/electrolyte interface. The value of Rc: for initial state is
about 40 Q while 1000 Q for the state of 1-C1.8. The rapidly descended R is induced

by structure self-optimization.
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Figure S15. Kinetic analysis of Zn?* for MnVO@C electrode. (a) The cyclic voltammetry
(CV) curves at different scan rates. (b) The b values calculated from the CV curves. In
CV, the current density i (A) and scan rate v (V/s) conform to a formula i=av®, where a
and b are constants. When b=0.5, it denotes a diffusion-controlled electrochemical
process, and while b=1 implies a surface-controlled or capacitive electrochemical
process.?” In MnVO@C for Zn?* storage, the b values calculated from peaks a, b, c and
d are 0.68, 0.90, 0.91 and 0.89 respectively. It hints that the charge is stored with both

diffusion-controlled and capacitance processes.
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Figure S16. (a-d) V K-edge EXAFS spectra and corresponding fitting curves of MnVO@C

electrodes at different states.

Table S3. V K-edge EXAFS fitting parameters.

Sample Path N R (A) 0%(103 A?)
V-0 5.6 2.03 5.4
1st DO.2
V-V 6.1 3.02 6.8
V-0 2.9 1.52 2.5
1st C1.8
V-0 1.5 1.99 2.8
V-0 3.3 1.54 2.7
2nd DO.2
V-0 1.7 2.03 3.2
V-0 2.4 1.52 2.5
2nd C1.8
V-0 2.3 1.98 4.9
V-0 3.0* 1.93 3.2
V203
V-0 3.0* 2.04 2.1

N, coordination number; R, distance between absorber and backscatter atoms; o2,
Debye-Waller factor to account for both thermal and structural disorders. Error limits
(accuracies) were estimated as follows: CN, +10%; bond length, +1%; 62, +10%. * refers
to the fixed coordination number according to the standard crystal structure.
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Figure S17. V K-edge XAFS study for MnVO@C electrodes. (a) The V K-edge XANES
spectra of MnVO®@C at various states, VO, and V;0s, (b) Average valence of V in VO,
V205, MnVO@C electrode at 2" D0.2 V, and 2" C1.8 V. The energy of absorption edge
is located at 5478.637 eV and 5484.542 eV for standard VO, (+4) and V20s (+5),
respectively. According the linear relationship between valence and absorption energy,
the average valence for MnVO®@C electrode at 2" D0.2 V (energy: 5482.998 eV) is
+4.73 and for MnVO@C electrode at 2™ D0.2 V (energy: 5483.767 eV ) is 4.87. Here,
we got the energy of absorption edge from the position where the first-order

derivative value reaches maximum.
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Figure $18. Mn K-edge XAFS study for MnVO@C electrodes. (a) The Mn K-edge XANES
spectra of MNVO@C at various states, MnO, Mn;03, MnO;, (b) Average valence of Mn
in MnO, MnO2, Mn,03, MNnVO®@C electrode at 15t C1.8 V, 2" D0.2 V and 2" C1.8 V. The
energy of absorption edge is located at 6544.56 eV, 6550.17 eV and 6557.652 eV for
standard MnO (+2), Mn;03 (+3) and Mn;0s (+4), respectively. According the linear
relationship between valence and absorption energy, the average valence for
MnVO@C electrode at 2" D0.2 V (energy: 6547.197 eV) is +2.39 and for MnVO@C
electrode at 2" D0.2 V (energy: 6548.002 eV ) is 2.55. Here, we got the energy of
absorption edge from the position where the first-order derivative value reaches

maximum.
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Figure S19. The Zn K-edge XANES spectra of MnVO@C at various states. There are no
valence changes for Zn at any voltage states compared with the standard sample of

ZnO0.
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Figure S20. (a-d) Mn K-edge EXAFS spectra and corresponding fitting curves of
MnVO@C electrodes at different states.

Table S4. Mn K-edge EXAFS fitting parameters.

Sample Path N R (A) 0%(103 A2)
Mn-O 4.5 2.01 6.7
1st DO.2 Mn-V/O 11.4 3.54 6.3
Mn-Mn 3.5 3.74 3.5
Mn-O 4.9 2.08 5.2
1st C1.8 Mn-V/O 6.2 3.52 13.2
Mn-Mn 0.8 3.08 5.8
Mn-O 4.4 2.00 5.7
2nd DO.2 Mn-V/O 8.4 3.53 5.4
Mn-Mn 3.1 3.72 3.7
Mn-O 5.0 2.09 6.4
2nd C1.8 Mn-V/O 3.9 3.52 9.7
Mn-Mn 2.0 3.07 14.4
Mn-O 3.0* 1.84 1.8

MnO;

Mn-O 3.0* 1.90 1.9

N, coordination number; R, distance between absorber and backscatter atoms; o2
Debye-Waller factor to account for both thermal and structural disorders. Error limits
(accuracies) were estimated as follows: CN, £10%; bond length, +1%; 62, +10%. * refers
to the fixed coordination number according to the standard crystal structure.
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Figure S21. (a-d) Zn K-edge EXAFS spectra and corresponding fitting curves of
MnVO@C electrodes at different states.

Table S5. Zn K-edge EXAFS fitting parameters.

Sample Path N R (A) 0%(103 A?)
Zn-0 5.9 2.02 11.3
1st DO.2 Zn-V 1.0 3.05 5.6
Zn-V 3.4 3.44 9.0
1st C1.8 Zn-0 5.6 2.05 9.1
Zn-0 6.2 2.03 11.5
2nd D0.2 Zn-V 0.8 2.92 8.1
Zn-V 2.9 3.42 10.2
2nd C1.8 Zn-0 6.1 2.05 9.5
1 M ZnSOa4 Zn-0 6.0* 2.08 7.5

The different tetrahedron or octahedron cation sites are comformed by EXAFS,

more precisely reflected in refinement results. Elaborately, it has been shown in the

literature that the chemical bond between metal atoms in tetrahedron and oxygen

ions is slightly shorter than the counterpart in octahedron (M-Otetra < M-Oocta)?® 2°.

According to the refinement results in Table S4, it is finding that the length of Mn-O

bond at the fully discharged (2.00 and 2.01 A) is shorter than the bond at fully charged

(2.08 and 2.09 A). Besides, the Mn-Mn bonds at fully discharged are 3.74 and 3.72 A,



which are longer than the Mn-Mn bonds at fully charged of 3.08 and 3.07 A,
conforming to the law of the distance between two octahedron sites is commonly
shorter than the bonds between two tetrahedron sites. Therefore, it can be concluded
that Mn?* is in tetrahedron sites when Zn?* is intercalated and in octahedron sites
when Zn?* is extracted. Additional information can be obtained for the fitting results
of Zn K-edge is the near six-coordinated environment of Zn?* at the intercalated states,
which indicates that the Zn?* is in octahedron sites after fully discharged (Figure S21

and Table S5).
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Figure S22. DFT caculation models and results. Two models of ZnMnV1403; are set up:
(@) Zn is located at the octahedral site and Mn occupies the tetrahedral site to
constructure model a that has a calculated relative energy of 0.00eV. (b) Zn is located
at the tetrahedral site and Mn occupies the octahedral site to constructure model b
that has been proved a calculated relative energy of 0.08eV.

DFT computations were performed to further verify the competitive relationship
between Zn%* and Mn?* for octahedral sites. Aiming to closely correlate with the
experimental structure of self-optimized MnVO, two models of ZnMnV1403, were
constructed as shown in Figures S22. In the model a (Figure S22a), Zn is located at the
octahedral site while Mn occupies the tetrahedral site. Compared to model a, Zn and
Mn exchanged corresponding positions to construct model b, as shown in Figure S22b.
The DFT calculation results show that the system energy of model a is 0.00 eV lower
than the model b with energy 0.08 eV, relatively. The energy difference of the two
models indicates that the model a is more favorable than model b with an equilibrium
ratio of >95:5 at room temperature according to the Boltzmann distribution. These
results of DFT computation demonstrate that Zn are more favorable to occupy the
octahedral site than Mn when Zn ions are embedded, which is in good agreement with

the experimental results.



b MnV,,0;, © ——MnLDOS
. V LODS
< :
2 :
g : : J ”.r |
L
A "
WA A l :! ! \"f‘i
i .N y MM‘*.A .I J‘ |‘_‘f f k_,w.-’”'*l\..___.,&
-6 -4 D) 0 2 4

E-E; (eV)

Figure $23. (a) The model of MnV14032. (b) Local DOS of the model of MnV1403,.

To further analyze the buffer effect of Mn ions, we have constructed a MnV1403;
model that Mn ions are located at the octahedral sites as shown in Figure 23a. As
shown in the local density of state (LDOS) plots of Mn and V atoms (Figure 23b), the
Mn atom contributes most of the valence band, which is mostly composed of Mn 3d
states. Thus, it is reasonable to consider that the Fermi surface shift is associated with

the presence of Mn atoms, and in particular, with the distribution of the 3d states of

Mn.



200

o
-2

Amorphizated J Amorphizated
Gy With Mn buffer 160 Without Mn buffer
< 6004 o
> >
oo 3001 "o
= =
< 8 5 <
£ 01 S = e £
;’ 0%088\ :
2 -300- . 5
z =
-600 4
-900 4
T T T T T T T -200 T T T T T T
02 04 06 08 1.0 1.2 14 16 1.8 02 04 06 08 10 1.2 14 16 18
Voltage (V) Voltage (V)

Figure S24. The dQ/dV curves at 0.2 A g'* for MnVO®@C electrode (a) and ZnVO@C
electrode (b).

For comparison of the difference with or without Mn buffer, the electrochemical
behavior during Zn?* insertion and prolapse of MnVO@C and ZnVO@C is analyzed by
dQ/dV curves. Two takeaways can be drawn from Figure S24: (1) The MnVO@C
electrode shows higher reduction potential and lower oxidation potential.
Specifically, the last reduction reaction of Vin MnVO@C electrode happens at 0.586 V
while 0.563 V for no Mn buffer one. For oxidation process, the right-most oxidation
peak is at 1.01 V for MnVO@C while a new peak at 1.16 V is observed for ZnVO@C.
These results indicate that in MnVO®@C electrode the valence of V would not be
reduced as much as ZnVO@C and equally would not be oxidized to 1.15 V like in
ZnVO@C electrode as the result of Mn buffer (voltage change become smaller). In
other words, the Fermi surface of V 3d in MnVO@C electrode would not
ascend/decline as much as ZnVO@C during Zn?* de/intercalated process with the help
of Mn buffer. (2) The MnVO@C electrode shows lower overpotential and polarization.
Specifically, the two coupled redox waves in MnVO®@C electrode show an
overpotential 0.088 and 0.068 V, respectively. For ZnVO@C electrode, the ZnVO@C
electrode shows an overpotential of 0.116 V at the low voltage region, and at high
voltage, the reduction peak corresponds to two oxidation peaks that with an
overpotential of 0.053 and 0.198 V, respectively. Besides, an obvious polarization peak
is found at 1.65 V for ZnVO@C, conversely, no polarization exists in MnVO@C at the

high voltage region. Lower overpotential and free polarization would be instrumental



in the stability of electrode host during Zn?* de/intercalation process. In consequence,
such Mn-migration not only stabilizes the main structure of vanadium-based electrode,

but also modulates the Fermi surface of V 3d against overmuch drift.
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Figure $25. Research of structure evolution at the 30" cycle of MNVO@C electrode. (a)

V L-edge sXAS spectra. (b) High-resolution XPS spectra of Zn.

The MnVO®@C cathode at the 30™ cycle evolves the same regular pattern as the 2"
cycle, which proves the consistency of its structure evolution mechanism in the
following cycles. Specifically, for V soft XAS (Figure S25a), the obtained information is
the structure response for Zn?* insertion and extraction characterized by the peaks
that occurred at 516.4 eV. According to previous studies, this peak is considered to be
2p3/2 to by (dyy) transition. Upon discharge, the intensity of this peak becomes much
weaker, indicating the higher electron filled density compared with the charged state.
Two inferences could be drawn from the XPS spectra of Mn 2ps/> of the 30t cycle at
the fully charged and discharged states (Figure S25b). First and foremost, the Mn
element persists in the material host and does not dissolve into electrolyte, which
pledges the permanent buffer role of manganese during cycling. Secondly, there are
three valences of +2, +3 and+4 that can be observed at fully discharged state while
only +3 and higher +3 are in fully charged state, indicating the valence rising in the
process of charging. The existence of Mn3*, Mn** at fully discharged state, and higher
valence Mn at charged state may attribute to surface oxidation of Mn during washing
and testing process. In brief, the variety of Mn valence further verifies the migration

of tiny Mn from tetrahedral to octahedral sites (+2 to +3) during charging process.
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Figure $26. Mass change of MnVO@C electrode after first structure reconstruction.
We measured the mass decrement after first fully charged, it is finding that the average
mass lose is 10.4 wt. %. The measured mass decrement is less than the theoretical

value of Mn dissolution due to the compensation of oxygen.
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