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Introduction

Tunable Zn?* de-solvation behavior in MnO,
cathodes via self-assembled phytic acid mono-
layers for stable aqueous Zn-ion batteriest

Tianhang Ding,*° Shichao Yu,$*€ Ziyu Feng,® Bin Song,*® Hong Zhang {2 * and
Ke Lu @ *aP

Sluggish ion diffusion kinetics at the electrode/electrolyte interface leads to insufficient rate capability and
poor structural reversibility, which are mainly attributed to the hydrated Zn?* migration process being
inhibited due to its huge de-solvation energy barriers. Herein, a self-assembly method is proposed in
which a multifunctional monolayer with phytic acid (PA) is coated on the surface of MnO, strongly attach-
ing to the substrate with the formation of chemical bonding to effectively prevent the dissolution of PA in
the electrolyte. Due to the negative charge and inherent ultra-hydrophilicity of PA, modified MnO,
demonstrates stronger adsorption of positive ions and captures reactive water molecules, easily accelerat-
ing the de-solvation process of interfacial hydrated Zn®*, efficiently achieving reversible Zn®* insertion/
extraction. Meanwhile, the coating layers can protect the substrate from attack by active water molecules,
thus inhibiting cathode dissolution during battery cycling. Experimental characterization studies reveal
that the protected MnO, cathode exhibits a remarkable specific capacity of 273 mA h g=* with a zinc
intercalation capacity contribution of more than 60% at a current density of 0.1 A g’l. Additionally, even at
a high current density of 1 A g%, it maintains a capacity of 197 mA h g%, far exceeding that of pure MnO..
Furthermore, the Zn-ion pouch cell, serving as a proof of concept, achieves an impressive energy density
of 300 W h kg™t and exhibits remarkable capacity retention of 77% even after 100 cycles. This work offers
a universal strategy for expediting the de-solvation process of hydrated Zn®* on the surface of manga-
nese-based cathodes in aqueous zinc-ion batteries.

a-MnO, with a 2 x 2 tunnel structure, serving as a non-toxic
and versatile cathode, holds significant potential.">™®

Low cost and improved safety have gradually become the
primary considerations in the field of energy storage; in this
context, aqueous zinc-ion batteries stand out as the most
promising alternative technology.' ® Various cathode materials
have been developed for aqueous Zn batteries, including
manganese-based oxides, vanadium-based oxides, Prussian
blue analogs, and organic compounds.” " Among them,
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Additionally, the theoretical energy density of the Zn/MnO,
system exceeds 250 W h kg™, comparable to the theoretical
energy density of commercial lithium-ion batteries (200-300 W
h kg—l).17—21

However, severe capacity degradation, low discharge
capacity, and poor cycling reversibility hamper the advance-
ment of Zn/MnO, batteries.”*>® In particular, the low pro-
portion of the capacity contributed to by zinc-ion (de)intercala-
tion during the cycling process hinders the full exploitation of
the Zn/MnO, cell’s performance.”®>° Furthermore, zinc ions
in solution typically exist in the form of hexa-coordinated com-
plexes with water molecules.***> During discharge, the inser-
tion of zinc ions with water sheaths into the cathode electrode
material can easily disrupt the structure of the cathode elec-
trode material, reducing battery lifespan.***® Moreover, the
introduction of water molecules can lead to irreversible side
reactions, resulting in the loss of active materials and causing
significant capacity decay.**® To overcome these obstacles,
surface-coating strategies have been proposed to alter the elec-
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trode-electrolyte interface chemistry as a way of facilitating the
transfer of electrons and ions at the electrode surface and pro-
hibiting side reactions.>*™*' By adjusting suitable hydrophilic
or hydrophobic interfacial layers, the de-solvation behavior of
zinc ions can be accelerated, promoting faster migration rates
of water-sheath-free zinc ions and facilitating zinc intercala-
tion, thus enhancing stability.***?

In this study, we present a novel approach to modify the
interface of MnO, by utilizing self-assembled phytic acid.
Through chemical bonding, the PA molecules strongly attach
to the substrate, preventing PA from dissolving in the electro-
lyte. The modified layer can enhance the adsorption of positive
ions and facilitate the de-solvation process of interfacial
hydrated Zn**. This modification not only enables efficient
reversible Zn>* insertion/extraction but also protects against
the attack of active water molecules, thereby preventing
cathode dissolution during battery cycling. Experimental
characterization studies demonstrate that the protected MnO,
cathode exhibits an impressive specific capacity of 273 mA h
g~', with the zinc intercalation capacity contributing more
than 60% at a current density of 0.1 A g~'. Additionally, the
proof-of-concept Zn-ion pouch cell attains a high energy
density of 300 W h kg™" and retains 77% of its capacity after
100 cycles.

Results and discussion

Structural characterization of self-assembled MnO,@PA
nanowires

As illustrated in Fig. 1a, pristine MnO, nanofibers were fabri-
cated through a hydrothermal reaction. The MnO, was then
immersed in phytic acid (PA) solution and the PA functional
film was chemically attached to the MnO, surface via spon-
taneous completion of a self-assembly process. The ESI
(Fig. S1 and S2t) provides details on the determination of PA
concentration and dosage. The effect of the coating layer on
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MnO, was further elucidated through scanning electron
microscopy (SEM) and X-ray diffraction (XRD) (Fig. S3 and
S4+t). These analyses revealed that the macroscopic structure of
the nanorods remains discernible, and all diffraction peaks
can be accurately indexed to the phase-pure a-MnO, (standard
JCPDS 44-0141). This result proved that the flexible film
coating did not damage its crystal structure. The microstruc-
ture of the sample was revealed through transmission electron
microscopy (TEM) imaging (Fig. 1b and c). In comparison with
MnO, samples (Fig. 1b) with clear lattice stripes, the surface of
MnO,@PA (Fig. 1c) appeared blurred, indicating that the rod-
like manganese oxide surface was coated with a thin film.
Moreover, the thickness of the layer was determined by the
linear energy dispersive X-ray (EDX) spectroscopy scan
(Fig. 1d), yielding a measurement of approximately 3-4 nm.
Subsequently, the energy dispersive X-ray (EDX) spectroscopy
image is shown in Fig. 1e, which confirmed the presence of
elemental P on the MnO,@PA material. Fig. 1f further demon-
strates the uniform distribution of manganese (Mn), oxygen
(0), and phosphorus (P) elements through transmission elec-
tron microscopy elemental mapping. Additionally, the distri-
bution of the P element along the primary structure of the
nanorods indicated the effective encapsulation of the film
around the MnO,. In order to obtain the bound state between
the phytic acid layer and the MnO, matrix, the X-ray photo-
electron spectroscopy (XPS) survey spectra of the pristine
MnO, and MnO,@PA were recorded. As depicted in Fig. 1g,
the 2p orbital of phosphorus (P) in MnO,@PA exhibits a diffr-
action peak at a binding energy of 132.9 eV, indicating the
presence of a P-O-Mn bond on the surface of the MnO,@PA
nanowires. Meanwhile, Fig. 1h presents the high-resolution O
1s XPS spectra, where the appearance of a peak for P-O-Mn
(531.2 eV) in the O 1s spectrum of MnO,@PA further substan-
tiated that the PA molecule exists in a chemically bonded state
with MnO,. Predictably, this film has excellent stability due to
the presence of a P-O-Mn chemical bond. This result was
further verified by an electrode immersion experiment
(Fig. S51) without major fluctuations in pH value after 3 days
of the MnO,@PA electrode being immersed in 2 M ZnSO,
electrolyte.

The strong adsorption and the de-solvation process of zinc
ions at the electrolyte/cathode interface

The investigation of zeta potential can provide valuable
insights into the unique adsorption characteristics of various
ions at the interface. As demonstrated in Fig. 2a, the pristine
MnO, sample reveals a negatively charged surface with a zeta
potential of —4.2 mV. Obviously, the self-assembly of PA with
its strong negative charge on the MnO, substrate resulted in a
significant negative shift in zeta potential (—6.3 mV), implying
that the interface of MnO,@PA can adsorb positive ions more
strongly and facilitate a more rapid storage process.
Furthermore, additional charges that were adsorbed at the
interface may lead to an increase in the interfacial capacitance,
which was further investigated by the analysis of differential
capacitance, as depicted in Fig. 2b. In particular, a notable

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Structural and morphological characteristics of MnO,@PA nanofibers. (a) Schematic illustration of the synthesis of MnO,@PA; transmission
electron microscopy images of (b) pure MnO, and (c) MnO,@PA; (d) linear EDX scan of the elements and (e) EDX image of MnO,@PA; (f)
HAADF-STEM and corresponding elemental mappings of MnO,@PA; XPS spectra of (g) P 2p and (h) O 1s for MnO,@PA and pristine MnO,.

positive shift in the potential of zero charge (PZC) is observed
on the MnO,@PA surface.*® These results can be attributed to
the strong specific adsorption of cations at the interface,
further confirming that the PA coating could enhance the
attraction of the interface to insertion ions.

Moreover, the contact angle of the loaded active substance
cathode sheet was tested (Fig. S61). It is clear that the contact
angle of the MnO,@PA cathode was significantly smaller than
that of the pristine MnO,, demonstrating that the modified
layer could improve the cathodic hydrophilicity. Thus, the
modified film is expected to trap water molecules, thereby
facilitating the de-solvation process of Zn(H,O)s>" at the
interface.**™*” To validate this assumption, the enhanced Zn>*
de-solvation of MnO,@PA cathodes can be effectively assessed
by evaluating the activation energy (E,) from Nyquist plots at
various temperatures, as shown in Fig. 2c. In addition, the E,
profiles at various voltages for the MnO, and MnO,@PA cath-
odes are shown in Fig. 2d. On the whole, E, of MnO,@PA was
lower than that of MnO, throughout the discharge phase,
suggesting that this modified film is beneficial for reducing
the energy barrier of ion transfer. In particular, in the Zn>*
interpolation-dominated section (about 1.4-1.0 V), the pristine
MnO, cathode had a very high de-solvation barrier and energy,
in contrast to that with the coating of the PA layer, which con-
siderably alleviates the de-solvation potential. In summary, the
outcome demonstrated a notable acceleration in the de-sol-
vation process of hydrated Zn** and an improvement in the
insertion kinetics of Zn>" by the PA layer.

Additionally, the strong interaction between the water
sheath and the PA layer alters the original chemical force. To

This journal is © The Royal Society of Chemistry 2024

support the Zn>* pre-de-solvation effect of the PA layer, Fourier
transform infrared (FT-IR) spectra were employed. As shown in
Fig. 2e, after immersing the MnO,@PA cathode in 2 M ZnSO,,
the H-bond wavenumber value decreased, indicating that the
strong affinity of the PA interface for the water sheath
elongates the H-bond length. Additionally, Raman spec-
troscopy was used to examine the solvation structure of Zn>".
As depicted in Fig. 2f, the peak position of the v-SO,>~ band
shifted to a higher frequency within the PA interface,
suggesting that Zn>"* is tightly bound to SO,>~ anions due to
the removal of the water sheath. Fig. 2g and h intuitively
display the de-solvation behavior of zinc ions at the interface
layer. The gradual approach of hydrated zinc ions towards the
positive electrode surface, owing to the negative charge poten-
tial of the cathode, prompted some of these ions to undergo
de-solvation. The incorporation of the PA layer notably
diminishes the de-solvation barrier, facilitating the intercala-
tion of more zinc ions. Additionally, this modified layer exhibi-
ted exceptional hydrophilicity, effectively shielding the MnO,
matrix from the corrosive effects of activated water post-de-sol-
vation. In conclusion, the modification layers can promote the
de-solvation of hydrated zinc ions, accelerate the transport
kinetics of zinc ions, and increase the electrochemical

capacity.
The functional coated layer directs stable Zn>* (de)insertion

To study the effect of the modification layers on electro-
chemical efficiency, the performance of a modified MnO,
cathode material was evaluated through a series of electro-
chemical tests on MnO,@PA and MnO, electrodes. The charge
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Fig. 2 Adsorption and de-solvation behavior of zinc ions at the interface layer. (a) Zeta potential of MnO, and MnO,@PA cathodes. (b) The differen-
tial capacitance—potential curves of MnO,@PA electrodes. (c) Nyquist plots for MnO,@PA at various temperatures. (d) The calculated Zn?* de-sol-
vation energy of bare MnO, and MnO,@PA electrodes. (e) Fourier transform infrared (FT-IR) spectra of H-bonds in MnO, and MnO,@PA immersed
in 2M ZnSO,. (f) Raman spectroscopy of $O42~ in MnO, and MnO,@PA immersed in 2 M ZnSO,4. Schematic diagram of de-solvation behavior in (g)

MnO, and (h) MnO,@PA electrodes.

and discharge curves are depicted in Fig. 3a, revealing that the
MnO,@PA cathode has a preferable specific capacity of
273 mA h g, significantly outperforming the MnO, cathode
(158 mA h g™") under a low current density of 0.1 A g
Impressively, the pure MnO, exhibits an obvious potential
difference with respect to electrochemical behavior when chan-
ging from insertion of H' to the insertion of Zn** (Fig. 3b).
Previous studies have indicated that the large molecular size of
hydrated zinc ions hinders their reversible insertion into the
manganese dioxide lattice, and thus this phenomenon results
in a reduced intercalation capacity during the second phase of
the pristine MnO, as well as to a large potential difference
during the transition of the dominant intercalation ions. In
contrast, the interfacially modified MnO, exhibits smooth
electrochemical transition behavior, suggesting that the modi-
fied layer significantly improved the intercalation kinetics at
the Zn”" insertion (region II). To determine the capacity contri-
bution of Zn** insertion, it is essential to precisely quantify

21320 | Nanoscale, 2024, 16, 21317-21325

the proportion of H' intercalation capacity. For this purpose,
coin batteries were assembled using 0.2 M MnSO, as the elec-
trolyte. Since there is no Zn>" in the electrolyte, the H' interca-
lation capacity can be quantitatively obtained. Fig. 3c and d
show that the capacities of the insertion of H" in MnO, and
MnO,@PA cathodes are 87.6 and 101 mA h g™' at a current
density of 0.1 A g, respectively. In other words, the capacity
contribution of Zn*" insertion in the MnO,@PA cathode is
63.2%, much higher than the capacity share of 44.5% in the
MnO, cathode. Moreover, the capacity contributions of Zn>*
insertion in the MnO,@PA cathode at all current densities are
collected (Fig. 3e). In particular, the Zn intercalation capacity
of the modified cathode decays by only 13.2% when the
current density is increased by a factor of 10 and the charge/
discharge curves are evident, demonstrating fast interfacial ion
transport/reaction kinetics. Fig. 3f illustrates that the
MnO,@PA cathode demonstrates a significant Zn>* insertion
capacity exceeding 50% at all current densities. This obser-

This journal is © The Royal Society of Chemistry 2024
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g7t in different electrolytes. (e) Charge—discharge profiles of MnO,@PA collected at different current densities. (f) The capacity of Zn?* insertion of

MnO,@PA and MnO; at all current densities.

vation indicates that the modified MnO,@PA cathode plays a
crucial role in enhancing the intercalation capacity of Zn>",
ultimately leading to a higher overall capacity being achieved.

Optimized cation intercalation kinetics

The improved redox kinetics in altered MnO, electrodes was
additionally verified through cyclic voltammetry (CV) analysis
(Fig. 4a). It is worth mentioning that MnO, cathodes modified
with PA displayed increased redox currents and narrower
cathodic-anodic peak separations in comparison with the orig-
inal MnO, cathode. This indicates that the surface modifi-
cation has resulted in enhanced ion storage capacity and more
robust kinetics. In particular, the height and area of the
second reduction peak (1.29 V) for MnO,@PA far exceed those
for pure MnO,, which corresponds to the Zn insertion process.
This difference could be attributed to the smaller ionic volume
of de-solvated Zn ions, which is very favorable for their interca-
lation process and is consistent with the significantly
enhanced Zn insertion capacity in the constant-current
charge/discharge test. The ion diffusion dynamics in different
cathodes was quantified by CV measurements at increasing
scan rates (Fig. 4b and S77). As depicted in Fig. 4c, utilizing
analysis of the Randles-Sevcik relationship, a linear corre-
lation exists between the square root of the scan rate and the
anodic peak current, and this linear correlation indicates a
diffusion-limited electrochemical process, with the slope
directly related to the ion diffusion coefficient.>® The slope of
the modified MnO, consistently exceeds that of pure MnO,,

This journal is © The Royal Society of Chemistry 2024

demonstrating that the modification layer can enhance ion
transport efficiency. To further quantify the ion diffusion kine-
tics of the samples, galvanostatic intermittent titration tech-
nique (GITT) measurements were conducted. Fig. 4d and e
display the voltage profiles of MnO, and MnO,@PA recorded
during the GITT evaluation. The results presented in Fig. 4f
and S8t indicate a higher diffusion coefficient for the coated
MnO, sample during battery operation, elucidating the acceler-
ated ion diffusion in MnO,@PA. Notably, the ion diffusion
coefficient has a significant decrease when the pure MnO, dis-
charge process is converted from H-insertion to Zn-insertion
dominance in the second loop discharge stage. In contrast, the
modified positive electrode has a higher D value for the full
discharge process. This result can be attributed to the de-sol-
vated Zn>" entering the manganese dioxide lattice more easily,
leading to a faster ion transport rate during the reduction
process.

Investigations of the degradation mechanism and cycling
performance

We further investigated the decay mechanism of the battery
and characterized the electrode after cycling. The cathodic
degradation mechanism is delineated in Fig. 5a and b. Post-
cycling tests, as depicted in Fig. 5a, reveal that the morphology
of the modified MnO, cathodes remains intact even after 100
cycles, indicating that the coated layer confers high structural
integrity upon the treated substrate. In stark contrast, the
structure of MnO, evolves from its original nanofibers to a

Nanoscale, 2024, 16, 21317-21325 | 21321
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composite mixture of nanoparticle aggregations accompanied
by structural pulverization (Fig. 5b). As shown in the sche-
matic, this transformation is attributed to the regulatory effect
of the PA interlayer. On the one hand, the thin modifier film
could accelerate the de-solvation of hydrated zinc ions and
facilitate efficient and continuous ion diffusion. On the other
hand, the PA layer could shield the MnO, matrix from attacks
by active water molecules, minimizing the loss of active
species and structural collapse to the utmost extent. The
results of post-cycling electrode XRD tests further proved that
the modified MnO, cathode exhibits better cycling perform-
ance (Fig. S97). It is clear that the area of the peak of the by-
product Zn,SO,(OH)e-4H,0 (ZHS) is extensive and the MnO,
peak is not obvious after cycling of the MnO, cathode, which
means that the ZHS has become the main loading on the elec-
trode, and the active substance has dissolved in large quan-
tities. In contrast, scanning of the MnO,@PA cathode shows
that the peak belonging to MnO, is still prominent and the
intensity of the ZHS peak is relatively small, confirming that
the modified MnO, has satisfactory stability. Leveraging the
modulated interfacial charge transfer and structural protective
coating, the Zn-MnO,@PA cell demonstrates exceptional
energy and cycling performances, as evidenced in Fig. 5c.
Notably, the MnO,@PA cathode maintains a capacity retention
of approximately 73% after 500 charging/discharging cycles at
1 A ¢g”". In contrast, the capacity retention of the unmodified
MnO, cathode is only 14%. ICP-MS test results further demon-

21322 | Nanoscale, 2024, 16, 21317-21325

strate the excellent protective effect of the PA layer, as shown
in Table S1.7 In the electrolyte of the Zn-MnO, beaker battery
after cycling, a notable presence of the manganese element is
evident, suggesting that the electrode material undergoes
partial dissolution during the cycling process, which can sig-
nificantly impair its performance. Conversely, the post-cycling
Zn-MnO,@PA beaker cell showed no substantial detection of
phosphorus and manganese elements, highlighting the
effective protective role of the PA layer. Similarly, an in-depth
examination of the positive electrode is of paramount impor-
tance. Therefore, the cycling performance of MnO,@PA was
further evaluated with different N/P ratios, as shown in
Fig. S10.T It is evident that the N/P ratio of 1.2 showed the
optimum electrochemical performance. It is particularly
important to note that the effect of the N/P ratio on cycling
stability is significant. Scanning electron microscopy images of
the positive electrodes were then obtained after cycling the Zn-
MnO, and Zn-MnO,@PA cells, as shown in Fig. S11.f The
unmodified Zn-MnO, anode showed obvious cracking and
inhomogeneity after 200 cycles, in contrast to the modified Zn-
MnO,@PA battery anode, which remained chemically stable
throughout. This is related to the good adsorption of active
water in the water shell by the cathode-modified layer, which
reduces the erosion of active water on the anode surface and
provides a stable environment for the stripping and deposition
of zinc ions. As a proof of concept, a pouch cell employing the
MnO,@PA cathode was prepared and its cycling stability is

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Degradation mechanism and cycling stability of Zn-MnO, cells assembled with modified MnO, cathodes. TEM images of cycled (a)
MnO,@PA and (b) MnO, cathodes; the schematic of the structural evolution of MnO, cathodes after a long cycling test, where the formation and
aggregation of ZHS accelerate the degradation of metal oxide cathodes. (c) Long-term cycling performance after various cycling numbers. (d)
Cycling stability of the flexible Zn-MnO, cell, and (inset) a red LED powered by the tandem battery device.

depicted in Fig. 5d. As anticipated, the pouch cell showcases a
high energy density of 300 W h kg™ (136 W h kg™ based on
the total weight of electrode materials, as illustrated in
Fig. S12t) along with high-capacity retention after 100 cycles.
The pouch cell also exhibits the capability to power a red LED
(Fig. 5d, inset), emphasizing the potential for future appli-
cations of these modified cathodes.

Conclusion

In summary, we introduce a simplified approach to interfacial
engineering that enables the in situ construction of a multi-
functional modification layer on the surface of an MnO,
cathode. The phytic acid layer is wrapped around the substrate
with strong chemical bonds, which can inhibit the dissolution
of phytic acid in the electrolyte, while stabilizing the structure
of MnO, to reduce the dissolution of Mn**, enhancing cathode
stability during cycling. Moreover, the enhanced adsorption of
positive ions and accelerated de-solvation process of interfacial
hydrated Zn** are achieved by the PA layer with its intrinsic
negative charge and superhydrophilicity, which effectively
increased the diffusion rate of Zn>*, improved its intercalation
capacity and achieved a smooth transition during the capacity-
dominated intercalation ion transition, effectively reducing the
potential difference during the transition. Our experimental

This journal is © The Royal Society of Chemistry 2024

results highlight the effectiveness of the modified interface in
creating a solvation structure with low water content for Zn**.
As a result, this Zn/MnO,@PA cell achieves a specific capacity
of 273 mA h g™* at a current density of 0.1 A g, with zinc
intercalation capacity exceeding 60%, and retains a specific
capacity of 197 mA h g~ even when the current density is
increased by 10 times. Additionally, a proof-of-concept Zn-ion
pouch cell demonstrates an impressive energy density of 300
W h kg™' and maintains 77% capacity retention after 100
cycles. This study provides a facile method to accelerate the de-
solvation process of hydrated Zn>* on the surface of manga-
nese dioxide, thus overcoming its slow kinetics and low
capacity in aqueous zinc-ion batteries.
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