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MnO; is a desired cathode candidate for aqueous zinc batteries. However, their cycling stability is seriously
limited by active material dissolution, and pre-addition of Mn* salts in electrolytes is widely required to shift
the dissolution equilibrium. Herein, we synthesize a polydopamine (PDA) coated MnO, composite material
(MnO,/PDA) to realize stable cycling in zinc cells without relying on pre-added Mn?*. The functional groups
on PDA exhibit strong coordination ability with the Mn active material. It not only confines dissolved species
within the cathode during discharge, but also enhances their deposition back to the cathode during charge
to retrieve the active material. Thanks to this effect, the cathode achieves 81.1% capacity retention after
2000 cycles at 1 A g™t in the 1 M ZnSO, electrolyte, superior to 37.3% with the regular MnO, cathode.
This work presents an effective strategy to realize the stable cycling of manganese oxide cathode
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Introduction

Rechargeable aqueous zinc batteries have attracted great
attention for their low cost, high safety and environmental
friendliness."™® Zn metal is applied as the anode, providing
a high capacity of 820 mA h ¢~ '/5855 mA h cm ™~ and low redox
potential."*** So far, the main cathode families studied for Zn
batteries include Mn-based oxides, V-based oxides, polyanion
materials and organic compounds.'**®* Among them, manga-
nese oxides show great promise due to their high capacity,
relatively high voltage and simple preparation.'” Various crystal
structure control, morphology engineering and composite
design methods have been applied to enhance the capacity and
rate capability. Meanwhile, MnO, has been revealed to undergo
complicated energy storage processes in aqueous zinc cells,
including the de/intercalation of Zn** and/or H', conversion
reactions, and dissolution-deposition reactions.*®*

One of the most important limiting factors of manganese
oxide cathode materials in zinc batteries is rapid capacity
fading, which is caused by active material dissolution.”*** The
main and most effective strategy for inhibiting dissolution and
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promoting cycling stability is to shift the dissolution equilibrium
by adding extra Mn** in electrolytes.?>>* Besides, it is proposed
that the introduction of pillars, e.g., polyaniline and water, in
layered MnO, enhances its structural stability and improves
capacity retention.”® In addition, heteroatom doping and
compositing with conductive compounds®** have been reported
to improve the electrochemical stability of MnO,. Nevertheless,
the majority of MnO, studies still rely on pre-added Mn®>* salts in
electrolytes to achieve reasonable cycling performance.

A possible concern for Mn>* additives, on the other hand, is
that they would be oxidized and deposited at the cathode during
the charge process,***° functioning as extra active materials.
Therefore, the tests of MnO, in electrolytes free of pre-added
Mn>" would reflect the cycling performance of the cathodes
themselves. In addition to suppressing dissolution, an effective
strategy to realize stable cycling would be the recycling of dis-
solved active material. This can be realized by promoting the
deposition of dissolved Mn** back to the cathode and oxidation
to MnO, during the charge process. In order to achieve this goal,
we herein construct a polydopamine (PDA) coated MnO,
composite material (MnO,/PDA). Specifically, PDA contains
various active sites to coordinate with the Mn active material. It
not only interacts with and confines dissolved active material at
the cathode during discharge, but also facilitates the back-
deposition of dissolved Mn*" during charge. A stable long-term
cycling of the MnO,/PDA composite material is thus realized. It
retains 147 mA h g~ capacity after 2000 cycles at 1 A g~ " in the
ZnSO0; electrolyte free of Mn" additives, corresponding to 81.1%
capacity retention, superior to only 90 mA h g capacity left
(37.3% retention) for the bare MnO, material.

Chem. Sci., 2024, 15, 3545-3551 | 3545


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc06096a&domain=pdf&date_stamp=2024-02-29
http://orcid.org/0000-0002-0172-5826
http://orcid.org/0000-0003-2324-7631
https://doi.org/10.1039/d3sc06096a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06096a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015010

Open Access Article. Published on 01 February 2024. Downloaded on 1/13/2026 4:21:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Results and discussion

The standard MnO, material was obtained by a hydrothermal
reaction. To achieve a PDA coating, an in situ self-
polymerization of dopamine was further carried out. Fig. 1a
compares the X-ray diffraction (XRD) patterns of MnO, and
MnO,/PDA. Both patterns are well fitted to the alpha-phase
MnO, (JCPDS: 44-0141),* suggesting that the coating does not
affect the crystal structure of MnO,. The morphology and
microstructure of the MnO,/PDA composite are characterized.
The scanning electron microscopy (SEM) image shows a nano-
rod morphology with micron-length and a diameter below
100 nm, which resembles that of the original MnO, (Fig. 1b and
S1t). Fig. 1c shows the high-resolution transmission electron
microscopy (HR-TEM) image. Well-resolved lattice fringes with
a spacing of 0.51 nm are present in the inner part of the nano-
rods, corresponding to the (200) plane of a-phase MnO,.
Meanwhile, an amorphous layer with a thickness below 2 nm is
identified on the surface. The energy dispersive X-ray spec-
troscopy (EDS) elemental mapping reveals the uniformly
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distributed Mn, C, and O on the nano-rods (Fig. 1d). This
confirms that the amorphous PDA layer is homogeneously
coated on the surface of MnO,.

The composition of MnO,/PDA is further studied. Fig. 1e
shows the Fourier transform infrared spectroscopy (FT-IR)
spectra of PDA and MnO,/PDA. The characteristic vibrations
of PDA are shown in the composite material, including that of
C-N at 1382.4 cm ™}, C=0 at 1680.6 cm ', and N-H/O-H in the
range of 3000 cm ™' to 3400 cm ™ *. Interestingly, these vibrations
experience a redshift in comparison to those of bare PDA.
Meanwhile, the Mn-O vibration in MnO,/PDA shows up at
633.3 cm ' in the Raman spectrum, which is blueshifted
compared to that at 630.8 cm ™' in bare MnO, (ref. 32 and 33)
(Fig. 1f). These changes suggest the coordination between
MnO, and PDA at the interface and confirm their strong inter-
actions in the composite material.*»** Fig. 1g-i and S21 show
the X-ray photoelectron spectroscopy (XPS) spectra of MnO,/
PDA. The C-N peak is identified at 399.8 eV in the N 1s spec-
trum, and C-O and C=0 components are found at 531.2 eV and
532.7 eV in the O 1s spectrum, respectively ** These species are
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(@) XRD patterns of MnO, and MnO,/PDA. (b) SEM image, (c) HR-TEM image and (d) EDS mapping of MnO,/PDA. (e) FT-IR of PDA and

MnO,/PDA (inset shows the chemical structure of PDA). (f) Raman spectra of MnO, and MnO,/PDA. (g) N 1s, (h) O 1s, and (i) Mn 2p XPS of MnO,/

PDA.
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also present in the C 1s spectrum. Besides, a third O peak is
revealed at 529.7 eV in the O 1s spectrum. This corresponds to
the lattice oxygen in MnO,. In the Mn 2p spectrum, the splitting
energy between the 2p;, and 2p,, peaks is 11.5 eV, which
matches well with that of the typical MnO, material.*’~*® Ther-
mogravimetric analysis (TGA) is performed for the MnO,/PDA
composite. As shown in Fig. S3,1 the decomposition of PDA
takes place after 300 °C, and its weight percent is estimated to
be 12%. The molecular weight of PDA is measured to be 1105
with a polydispersity of 3.8 by gel permeation chromatography
(GPC).

The electrochemical performance of MnO, and MnO,/PDA
cathode materials is studied in zinc cells. The 1 M ZnSO,
aqueous solution free of Mn** additives is applied as the elec-
trolyte to evaluate the stability of the cathodes themselves.
Galvanostatic charge and discharge is first carried out at
a relatively low current density of 0.1 A g~ *. As shown in Fig. 2a,
the MnO, cathode delivers a capacity of 323 mA h g~ " in the first
cycle, but it decays significantly in subsequent cycles. Only
222 mA h g~ capacity is left after 100 cycles. This poor cycling
stability is typical for regular MnO, cathode materials in
aqueous zinc cells, resulting from irreversible active material
dissolution. In comparison, the MnO,/PDA cathode presents
much improved stability. The capacity drops slowly from
300 mA h g " to 265 mA h g~ over 100 cycles (Fig. 2b and S47).
The rate performance is studied for the two cathodes (Fig. 2c-e).
The MnO, cathode again experiences capacity decay at various
current densities, and it is more serious at lower current
densities. This is attributed to the longer time for the dissolu-
tion process at slower rates. Only 92 mA h g~" capacity is left
upon the increase of current density to 2 A g %, and a poor
capacity of 224 mA h g is recovered with the decrease of
current density back to 0.1 A g’l. The MnO,/PDA cathode
material, in contrast, presents stable capacity retentions at
different current densities. The capacities of 278, 257, 220, 164
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and 134 mA h g~ ' are obtained at 0.2, 0.3, 0.5, 1 and 2 A g},
respectively. With the return of current density to 0.1 A g™,
a high capacity of 304 mA h g~ is still retained.

Long-term cycling is carried out at 1 A g~* (Fig. 2f). The
MnO,/PDA cathode again presents better cycling performance.
The capacity undergoes a short degradation period followed by
a gradual increase in subsequent cycles. Considering the
complicated energy storage processes of the MnO, active
material, including one electron transfer and two electron
transfer as well as irreversible dissolution of Mn>" in the elec-
trolyte, repeated cycles are required for the stabilization of these
processes.* The capacity finally reaches 147 mA h g~ after 2000
cycles, which is 81.1% that of the initial cycle. This is superior to
the MnO, cathode, with fast capacity decay during early cycles
(Fig. S51) and only 90 mA h g ' capacity retained after 2000
cycles. The above analysis demonstrates the largely improved
electrochemical performance of the MnO, cathode material in
aqueous zinc cells with the help of a PDA coating.

Electrochemical impedance spectroscopy (EIS) is carried out
for the MnO, and MnO,/PDA electrodes to study the reaction
kinetics. Fig. 3a compares the Nyquist plots at 25 °C. It reveals
a charge transfer resistance (R.) of 24 ohm for MnO,, which
largely reduces to 10 ohm for MnO,/PDA. EIS is then performed
at various temperatures. As shown in Fig. 3b and c, the semi-
circles of MnO,/PDA all exhibit smaller radii to the ones of
MnO,, suggesting the smaller charge transfer resistance of the
former at different temperatures. The activation energy (E,) is
further calculated from the linear fits of In(R., ") versus 1/T plots
according to the Arrhenius equation (Fig. 3d). The activation
energy of the MnO,/PDA cathode is calculated to be
32.8 k] mol™, which is lower than 40.9 k] mol™" of the MnO,
cathode. This suggests that the reaction kinetics of the MnO,
material is effectively enhanced with the help of a PDA coating.
This is attributed to the facilitated desolvation process of Zn>*
and H' by PDA, which coordinates with Zn*" and forms
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Fig. 2 Electrochemical performance of different cathodes in aqueous zinc batteries with 1 M ZnSO, electrolyte: charge/discharge curves of (a)
MnO, and (b) MnO,/PDA at different cycles at 0.1 A g—*; charge/discharge curves at different current densities of (c) MnO, and (d) MnO,/PDA and
(e) their capacities; (f) long-term cycling performance of MnO, and MnO,/PDA at 1 A g%,
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Fig. 3 EIS of MnO; and PDA/MnO;: (a) the comparison of Nyquist
plots at 25 °C; the Nyquist plots at various temperatures of (b) MnO,
and (c) MnO,/PDA:; (d) the linear fits of the In(Re Y versus 1000/T
plots.

hydrogen bonds with protons at the interface with its functional
groups such as amino and hydroxyl. This ensures the excellent
rate capability of the MnO,/PDA cathode.

The energy storage mechanisms of the cathodes are studied.
Fig. 4a compares the XRD patterns of the MnO,/PDA cathode at
the charged and discharged states. The charged electrode
presents diffractions from MnO,, and extra diffractions from
Zn,S04(OH)s show up upon discharge. Besides, SEM images
show nano-rods in the charged cathode and extra flakes are
formed during discharge (Fig. 4b and c), which is the typical
morphology for basic zinc salts.** This suggests proton involved
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reactions during discharge, including proton intercalation and
dissolution processes of MnO, based on the following equation:
MnO, +4H" + 2e~ = Mn>" + 2H,0. The consumption of protons
causes a local pH increase and Zn,SO4(OH), precipitation. The
recovery of MnO, upon charge confirms a reversible cathode
reaction. The nano-rod morphology is still retained after long-
term cycling (Fig. S6T). Similar XRD and morphology evolu-
tions are found for the bare MnO, cathode (Fig. S77).

The cycling stability of MnO, materials is highly dependent
on the active material dissolution/deposition phenomenon. To
be more specific, the reduction of MnO, during discharge
would form Mn”*, which easily dissolves in the electrolyte and
causes active material loss. Nevertheless, if they can be revers-
ibly deposited back to the cathode during charge, the active
material can be effectively recycled. Meanwhile, this MnO,/
Mn** reaction is associated with two-electron transfers and
adds capacity to the cathode. The above processes are evaluated
for the two cathode materials by measuring the Mn concen-
tration changes in the electrolytes at different states by using
inductively coupled plasma (ICP, Fig. 4d). With the bare MnO,
cathode, the Mn concentrations in the electrolyte at the dis-
charged and charged states are 148 mM and 48 mM, respec-
tively. Notably, the Mn in the electrolyte at the charged state
corresponds to the active material not able to deposit back,*
and this irreversible loss of active material results in the fast
capacity decay of MnO, in zinc cells. With the MnO,/PDA
cathode, on the other hand, lower Mn concentrations are ob-
tained at both states, i.e., 108 mM and 6.5 mM, respectively.
This suggests that PDA suppresses Mn** dissolution during
discharge to some extent. Importantly, the low Mn concentra-
tion at the charged state demonstrates the reversible oxidation
of dissolved Mn?* and its re-deposition as MnO, at the cathode.
In order to further confirm the positive effect of PDA on Mn**

a b c
- rore! ""m.,/ Charged
S ! | \'\"w..
©
= [ M Discharged
,g Yyt Ao ™ VR Y
% a-MnO, (PDF#44-0141)
=| zn,S0,(OH), (PDF#35-0910)
d 10 20 30 40 50 60 70 f
2 Theta (degree) €
0.15 Discharged 1505 —~ 10r N PDA suspension
’ £ > MnO, 5 |~ PDA/MnSOQ, suspension
° Discharged £ o0 — &
= S ® 3
£0.10 1005 £ o
§ £ 510 5
z (] £
= Charged 50 g s @
0.05 8 820 MnO,/PDA § ;
harged S " PDA = 1402.3
0.00 - 0 -30 - . v
MnO, MnO,/PDA 1500 1450 1400 1350 1300

Fig. 4

Wavenumber (cm™")

(a) XRD patterns of the MnO,/PDA cathode at different states (shaded peaks are from the carbon substrate). SEM images of the (b)

discharged and (c) charged MnO,/PDA cathode. (d) ICP results of Mn/Zn ratios and the calculated Mn concentrations in the 1 M ZnSO, elec-
trolyte at different states with the MnO, and MnO,/PDA cathodes. (e) The zeta potentials of PDA, MnO, and MnO,/PDA. (f) FT-IR of a PDA

suspension in water and MnSQO, solution.

3548 | Chem. Sci., 2024, 15, 3545-3551

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06096a

Open Access Article. Published on 01 February 2024. Downloaded on 1/13/2026 4:21:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

deposition, cells are assembled with cathodes of carbon cloth or
carbon cloth coated with PDA (no MnO, material) in the elec-
trolyte 1 M ZnSO, + 0.1 M MnSO,. A constant voltage hold at 2 V
is carried out to allow the oxidation of Mn>" in the electrolyte
and the deposition of MnO, at the cathode. As shown in
Fig. S8,T the current response of the carbon cloth electrode
decays rapidly and drops below 0.7 mA cm ™2 after only 30 s. In
comparison, the current density of the PDA electrode decays
much slower, and it takes 1360 s to drop below 0.7 mA cm 2.
The results verify the largely enhanced deposition reaction with
the help of PDA. This recycles dissolved active material back to
the cathode.

The functioning mechanism of PDA is studied. As discussed
earlier in Fig. 1le and f, PDA and MnO, exhibit strong coordi-
nation interactions. The FT-IR spectra of the MnO,/PDA
cathode at different states show the preservation of PDA vibra-
tion peaks (Fig. S9t), suggesting stable interactions during the
electrochemical process. We further test the zeta potential of
PDA, MnO, and MnO,/PDA (Fig. 4e). The MnO, material itself
shows a positive zeta potential of around 2 mV, whereas PDA
exhibits a negative potential of —23.0 mV. The MnO,/PDA
composite also exhibits a negative value of —17.4 mV. This
suggests a negatively charged surface with a PDA component,
which provides electrostatic attraction for the dissolved Mn>*
cations. Fig. 4f and S107 compare the FT-IR spectra of a PDA
suspension in water and MnSO, solution. Although many
vibrations from PDA are overlapped with those of water, the C-
N vibration is identified and shows a redshift in MnSO,. This is
attributed to the coordination between PDA and Mn>**, con-
firming their effective interactions. Therefore, although Mn**
are still formed during the discharge process of the MnO,/PDA
cathode, these cations are linked with PDA species and gather
around the cathode, resulting in a lower Mn concentration in
the bulk electrolyte at the discharged state. Importantly, this
strong interaction promotes the re-deposition of Mn>" back to
the cathode during the charge process. This retrieves the active
material and ensures the stable long-term cycling of the MnO,/
PDA composite material.

Conclusions

In summary, we present a PDA coating strategy to promote the
cycling stability of the MnO, cathode material in aqueous zinc
batteries without relying on pre-added Mn>" salts in electro-
lytes. FT-IR and Raman results confirm the coordination
between nitrogen and oxygen sites on PDA with Mn compo-
nents, and ICP reveals reduced Mn concentrations in the elec-
trolyte at both discharged and charged states with the MnO,/
PDA composite cathode in comparison to bare MnO,. This
suggests that the strong interactions of PDA with Mn active
material effectively confine the latter at the cathode and help
the deposition of any dissolved species back to the cathode
during the charge process. Therefore, the active material is well
maintained for cathode reactions during the electrochemical
process, which ensures a stable cycling performance. In
aqueous zinc cells with the ZnSO, electrolyte, the MnO,/PDA
composite cathode retains 147 mA h g~ ' capacity after 2000

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cycles at 1 A g~ . This is superior to the bare MnO, material,
with only 90 mA h g™ capacity left without the effects from PDA.
Our work demonstrates an effective way to promote the cycling
performance of manganese oxide electrode materials in
aqueous zinc batteries. It could also be applied to other mate-
rials with dissolution problems.
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