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Rechargeable aqueous zinc-ion batteries (AZIBs) are promising for large-scale energy storage due
to their high safety and low cost but the reported cathode materials still suffer from limited specific
capacities and poor cycle performance. Herein, the Mn-based metal-organic framework (MOF), MOF-
73, is used for the first time to make a novel cathode for AZIBs and its great capacity enhancement
mechanism is investigated. Results show that MOF-73 can render a voltage plateau of ~1.45 V and

induce manganese ions to co-contribute a high-specific capacity of 815 mA h g~* (0.84 mA h cm™2).
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This work sheds light on the fundamentals of the electrochemical zinc energy storage of MOFs while
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1. Introduction

In recent decades, with the increasing prominence of energy
issues and promoting carbon neutrality, the exploration and
utilization of renewable energy resources have attracted tre-
mendous attention across the world."! Lithium-ion batteries
(LIBs) have been widely used as power sources in many fields.
However, there has been much concern regarding the limited
resources of lithium and safety issues.>” This has resulted in
great interest in aqueous rechargeable zinc-ion batteries
(AZIBs) because of the nonflammable nature of aqueous elec-
trolytes and abundant zinc resources. Besides, AZIBs also
possess the advantages of a facile manufacturing process and
high ionic conductivity that is almost two orders of magnitude
greater than those of non-aqueous electrolytes.”” Nevertheless,
Zn*" has a higher electric charge and higher molecular weight,
which makes ions more difficult to insert/extract into/from
electrode materials.® Such problems seem to have become the
bottlenecks for AZIBs practical applications in the energy
storage field. At present, a considerable amount of literature
has been focused on the improvement of the electrochemical
performance of cathode materials, including Mn/V-based
materials’ and Prussian blue analogs.’® Vanadium-based
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cathode materials such as V,0s,'* VO,,'* and VS,** have been
widely studied due to their unique layered structure and
excellent specific capacity and rate performance but most
vanadium-based materials are toxic."* Prussian blue analogs
are also a large class of compounds that attract extensive
attention due to their very stable frame structure that can
realize the rapid insertion/extraction of zinc ions. However,
they still suffer from the problem of low-storage capacity.'® Mn-
based materials, such as MnO,,'*™*° Mn,0,;%° and ZnMn,0,**
have drawn much attention very recently but the problems of
rapid capacity fading and poor rate performance limit their
widespread use in AZIBs.>* Although the electrochemical per-
formance can be boosted by material modification, there is still
much room for further improvement. In addition to modifying
the existing electrode materials, discovering new materials with
excellent electrochemical properties, especially with high spe-
cificity, is also vital for the further development of AZIBs.>?
Different from conventional inorganic electrode materials,
metal-organic frameworks (MOFs) as a unique class of porous
crystalline materials has attracted much interest for many
applications due to their huge variety of structures, large sur-
face areas and adjustable porosity. These functional MOFs
show great potential in many areas such as catalysis, drug
delivery, gas separation and storage.”® Examples of MOFs as
electrode materials for lithium and sodium-ion batteries indi-
cate that they have great potential in the energy storage
field.>>*® The unique crystal structure and pore structure facil-
itate the diffusion of guest Li" and Na'.>’*®* However, the
investigation of MOFs as cathode materials for AZIBs is scarce
and the attractive Zn>" storage behaviors seem elusive. Thus,
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the exploration of new MOF-based cathode materials for AZIBs
and the study of their zinc storage mechanism are essential for
finding novel competitive AZIBs cathodes.>

In this work, a manganese-based MOF (MOF-73) was
explored as a novel cathode for AZIBs for the first time,
and it delivers a high specific capacity of 815 mA h g*
(0.84 mA h ecm?) at 50 mA g™, along with a discharge voltage
plateau range from 1.2 to 1.6 V. The great capacity enhance-
ment mechanism was studied using various ex situ measure-
ments. Results reveal that MOF-73 can facilitate the deposition
of Zn,S0,(OH)e and Zn,MnO(OH),, which co-contributes to the
high specific capacity.

2. Experimental
2.1 Material synthesis

MOF-73 was synthesized according to a previous report.*®
Briefly, 1 mmol MnCl,-4H,0 (Aladdin, analytically pure) and
3 mmol terephthalic acid (H,TP Aladdin 99%) were dissolved in
30 mL of mixed solvent of 15 mL N,N-dimethylformamide (DMF
Aladdin, analytically pure) and 15 mL ethanol. The white
suspension was treated with ultrasound for 10 min, then
vigorously stirred for 1 h, and transferred into a 50 mL
Teflon-lined autoclave and heated at 180 °C for 24 h. The
product was washed with DMF and alcohol several times, then
dried at 60 °C overnight under vacuum.

2.2 Material characterization

X-ray diffraction (XRD) was carried out on an Ultra IV diffract-
ometer (Japan Science Co., Tokyo, Japan) with Cu-Ka radiation
(A = 0.15418 nm) with the scan rate of 10° min~" over a 2-theta
range from 5° to 55°. Scanning electron microscopy (SEM)
analyses were conducted on a JEOL JSM-7800F microscope
(Japan Electronics Co., Tokyo, Japan) to study the morphologies
of the MOF-73. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Thermo Scientific ESCA-
Lab 250Xi" (Thermo Fisher Scientific Co., Waltham, America) to
investigate the chemical valence state. Fourier transform-
infrared (FT-IR) spectroscopy was performed on a Frontier
NIR Std spectrophotometer (Thermo Fisher Scientific Co.,
Waltham, America). The thermogravimetric analysis was
conducted via differential scanning calorimetry (Netzsch Ltd
STA409PC, DSC404F3) wusing Netzsch Instrumentation
(Germany).

2.3 Electrochemical measurements

The CR2032-type coin cells (Guangdong Canrd New Energy
Technology Co. Ltd, Guangdong, China) were assembled using
Zn foil as the anode with a diameter of 12 mm (Guangdong
Canrd New Energy Technology Co. Ltd, Guangdong, China),
glass fiber as the separator (diameter-16 mm Whatman Co.,
Maidstone, England), and an aqueous solution of 2 M ZnSO,
with 0.2 M MnSO, additives as electrolytes. The cathode was
composed of active materials, acetylene black (AB) and poly-
vinylidene fluoride (PVDF Macklin, M, = 1000 000). They were
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mixed in an agate mortar at the weight ratio of 7:2:1 with N-
methyl-2-pyrrolidone (NMP) added. The working electrodes
were prepared by spreading the obtained slurry onto the
titanium foils and drying at 60 °C for 12 h in a vacuum oven.
The mass loading of active materials in each electrode was
about 1.2-1.8 mg. The cycle and rate performance were mea-
sured on a LAND battery test system CT3001A (Wuhan LAND
Electronic Co. Ltd, Wuhan, China). The cyclic voltammetry (CV)
measurements were carried out using a CHI760E electroche-
mical workstation (Shanghai Chenhua Instrument Co., Shang-

hai, China) at a scan rate of 0.3 mV s ".

3. Results and discussion

To identify the phase composition of the as-prepared samples,
XRD measurements were performed. The collected patterns in
Fig. 1a display sharp peaks and match well with the simulated
patterns from the single crystal data [CCDC No. 265094
Mn;(TP);(DMF),], indicating the excellent crystallization and
purity of the as-synthesized MOF-73.>" Fig. 1b is a view of the
crystalline framework of MOF-73, in which the Mn-carboxylate
structure (Fig. 1b left) with a pair of 6-coordinated Mn(u) as the
polyhedron forms the secondary building units (SBUs). Those
SBUs are linked together (Fig. 1b right) via benzene units of 1,4-
benzenedicarboxylic. The tape of Mn-O-C rods of this MOF is
coordinated with modes as exhibited in Fig. S1 (ESIt). The
morphology of the as-synthesized MOF-73 was investigated
using scanning electron microscopy (SEM) as shown in
Fig. 1c. The rod-like micro-particles are composed of small
units stacked in layers. The EDS mapping (Fig. 1d) demon-
strates that C, O and Mn elements are uniformly distributed.
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Fig. 1 (a) XRD pattern of as-synthesized MOF-73. (b) Crystal structure of
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curve of the as-prepared MOF-73.
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The FT-IR spectrum of the as-prepared MOF-73 in Fig. 1le
shows a typical C=O0 stretching vibration at 1674 cm ™", as well
as the 0OH  and vCO coupling vibration of carboxylic acid
(~COOH) groups at 1286 and 924 cm ™. After coordination with
Mn>", the C=O stretching vibration and JOH~ and vCO
coupling vibration of carboxylate groups (-COO™) vanished.
Two bands appeared at 1558 and 1380 cm ™', attributed to the
asymmetric and symmetric stretching of carboxylic acid, indi-
cating that the carboxyl hydrogen of H,TP was completely
replaced.’” The above change in the characteristic functional
group proves that the coordination with Mn** occurs and
results in the formation of MOF-73. Fig. 1f is the thermogravi-
metric analysis (TGA) curve from room temperature to 800 °C in
air. According to the chemical formula [Mn;(TP);(DMF),] of
MOF-73, the mass loss (19.75%) from 250 to 350 °C is due to the
loss of DMF molecules, which agrees well with the value of
18.18% calculated according to its chemical formula. The XRD
pattern after calcining at 800 °C in the air is consistent with the
standard Mn,O; card (Fig. S2, ESIt), and thus the weight loss
(53.20%, ca. 52.30%) in the range of 350-450 °C is attributed to
the thermal decomposition of MOF-73 to Mn,0;. X-ray photo-
electron spectra (XPS) of the as-prepared MOF-73 are displayed
in Fig. S3 (ESIt). The Mn2p core level spectrum (Fig. S3b, ESIt)
displays doublets for Mn2p;z, and Mn2p,, at 641.13 and
653.04 eV, respectively, and their main doublets are separated
by ~12 eV, indicating that the Mn ions in MOF-73 are divalent.
The binding energy of O1s (Fig. S3c, ESIf) peaks can be
assigned to oxygen in the hydroxyl (C-O") and carbonyl
(C=o0) groups, respectively.>* The binding energies of the C1s
emission peaks in Fig. S3d (ESIt) fit quite well with one peak at
285.4 eV (H,TP, phenyl carbons) and another peak at 288.53 eV
(H,TP, carboxyl carbons).>®** Our results, therefore, demon-
strate that the MOF-73 was successfully synthesized.

Electrochemical tests were performed with the as-prepared
MOF-73 cathodes. As shown in Fig. 2a, two oxidation peaks
(~1.75V, ~1.80 V) were observed in the first anodic scan of CV
curves. The peak at ~1.75V, different from the oxidation peaks
in the second and third anodic scans, indicates a possible
irreversible oxidation process in the first anodic scan. Another
oxidation peak at ~1.80 V corresponds to its reduction peak at
~1.45 V and this pair of redox peaks remain in the following
scans. Unlike other reported materials using the same
electrolyte,>’ this strong and stable couple of redox peaks
are derived from the reversible insertion/extraction of Zn>* into/
from MOF-73. This is in sharp contrast to the steadily weaken-
ing peaks without added Mn>" in (Fig. S4, ESIt). After the first
cycle, two entirely new oxidation peaks emerged at 1.55 and
1.60 V. The redox peaks (~1.60/ ~1.35 V) could be attributed to
the reversible redox of Mn**/Mn*" and another pair of peaks
(~1.55/~1.20 V) is similar to the peaks in Fig. S4 (ESI{), which
could be attributed to sedimentation/resolution of manganese
and Zn,SO4(OH)e-4H,0 on the electrode surface. It also could
be observed that those new redox peaks have a mild increase in
the following cycles, which is consistent with the rising specific
capacity. The capacity-increasing phenomenon is common in
Mn*"-containing electrolyte systems. To exclude the influence
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Fig. 2 (a) CV curves, (b) voltage profiles, (c) cycle performance, (d) rate

performance and (e) long cycle performance of the MOF-73 cathode.

of the electrolyte on the high capacity, we also constructed this
cell system using bare carbon material electrodes, as shown in
Fig. S6 (ESIt). The bad electrochemical performance of this
carbon material indicated that the capacity of the battery is not
from the electrolyte. Particularly, MOF-73 not only possesses a
higher capacity but its carboxyl groups also can promote the
sedimentation of Mn>* on the electrode surface.’” In keeping
with the CV curves, a discharge voltage plateau at about
1.45 V could be observed in the voltage profiles (Fig. 2b) and
the specific capacity gradually increased to 815 mA h g~ *
(0.84 mA h cm™?) after 50 cycles and began to decrease starting
at about the 75th cycle (Fig. 2¢). Coinciding with some recent
studies,*® the mildly increased capacity in the first 50 cycles is
associated with the deposition-dissolution of Zn,SO,(OH)s:
4H,0, which co-contributes to a high capacity in Mn>'-
containing AZIB systems. The rate performance is another key
parameter that allows a fast charge rate in practice. As shown in
Fig. 2d, the MOF-73 cathode exhibited discharge-specific capa-
cities of 142.6, 100.8, 77.2, 54.9 and 46.9 mA h g ' (corres-
ponding to 0.15, 0.11, 0.08, 0.06 and 0.05 mA h cm™?) at current
densities of 0.1, 0.3, 0.5, 0.8 and 1 A g, respectively. The long-
term cycle performance testing at 0.3 A g~ " is shown in Fig. 2e.
Restricted by its relatively low intrinsic electronic conductivity,
there is still some progress to be made in the rate performance
of MOF-73. In this case, strategies such as doping with metal
ions and compositing with highly conductive materials could
be used for improved rate performance. After 1000 cycles, the
specific capacity achieved 137 mA h g, It is very interesting to
observe that the capacity keeps increasing during the whole
cycle tests. We argue that this result may hint that Zn ions
inserted in MOF-73 require an activation process to continu-
ously form electrochemically reversible species during the
charge/discharge process. Longer cycle experiments associated
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with the in situ monitoring of the charge/discharge process
were designed to explore the deep fundamentals. Table S1
(ESIt) compares the electrochemical performances of many
previously reported manganese-based materials used in AZIBs
with that of our MOF-73-based material, clearly indicating that
our device has prominent performance.

To analyze the Zn>" storage mechanism of MOF-73, detailed
characterizations were performed. The ex situ XRD patterns of
the MOF-73 cathode at different states a (0.80 V), b (1.55 V), ¢
(1.60 V), d (1.76 V), e (1.85 V), f (1.45 V), g (1.35 V), h (1.20 V) are
shown in Fig. 3a. Ex situ XRD patterns demonstrate the
reversible phase change of the electrode. The peaks in this
charge-discharge cycle fit well with the standard card of
Zn,SO4(OH)e-5H,0. It was observed that the intensities of those
peaks vary with potential. In addition to the extraction of Zn**
from MOF-73 in the charging process (from 0.80 V to 1.85 V),
the partial deintercalation of Zn>" and H" is accompanied by
the dissolution of the Zn,SO,(OH)s-5H,0 characteristic peaks.
In the discharge process (from 1.85 V to 0.80 V), characteristic
peaks of deposited Zn,SO,(OH)s-5H,0 emerged again due to
the intercalation of Zn** and H*.*®

To further investigate the reaction of Mn>" species in the
electrode, ex situ XPS was performed at different states of the
charging process. The core-level spectra of O1s are displayed in
Fig. 3b. These can be divided into two prominent peaks. The
peak around 531.7 eV at states d and e is associated with the
Mn-OH bond which belongs to the Zn,MnO(OH),. During
the charging process, the Zn,SO4(OH)s-5H,0 can drive the
Mn** in the electrolyte to undergo an electrodeposition reac-
tion, thereby forming Zn,MnO(OH), on the electrode. In the
subsequent discharge process, the Zn,MnO(OH), also under-
goes a proton solid-phase reaction but its high activity and the
reformation of Zn,SO,(OH)s-5H,0 can change the pH value of
the electrode surface, causing the Zn,MnO(OH), dissolution at
the fully discharged state.”® The XPS peaks of Mn-OH disap-
peared at the fully discharged state. Another peak at 529.7 eV is
consistent with the typical Mn-O-Mn bond for tetravalent
MnO,.*° For scans of Mn2p;,,, and 2p,,, the peaks located at
642.3 eV and 653.9 eV (Fig. 3c¢) fit very well with the plain MnO,
peak-pair pattern, evidencing the presence of Mn**.*° The peak
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Fig. 3 (a) Ex situ XRD patterns of the MOF-73 cathode taken at different
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Discharge process

Fig. 4 The ex situ SEM images of the MOF-73 cathode at different states.

of MnO, (Mn2ps,, 2p1,) also exists in the full-discharge state,
and we deduce that some irreversible MnO, is formed in the
previous cycles.

The surface morphology evolution of the MOF-73 electrode
during the 10th cycle was carefully characterized as shown in
Fig. 4. Compared to the SEM image of the pristine MOF-73
electrode (Fig. S5, ESIt), the surface of the cathode at 0.80 V was
uniformly covered by irregular Zn,SO,(OH)s-5H,O nanoplates
generated at the full-discharge state and the remaining ‘ball-
like” MnO, particles. Also, the EDS mapping (Fig. S7, ESIT)
shows that the O and Mn elements are uniformly distributed in
the “ball-like” particles and the O, Zn, and S are uniformly
distributed in the nanoplates. The irreversible MnO, remained
on the cathode surface after each cycle and could not be
detected by XRD due to low crystallinity." When charged to
1.55-1.6 V, the ‘“nanoflower-like” particles of zinc vernadite,
Zn,MnO(OH),, appeared via the proton-diffusion reaction
and the EDS mapping shows that these particles contain O,
Zn and Mn elements but no S elements.**** At the states of
1.76-1.85 V, some newly formed MnO, particles were observed
on the surface of Zn,MnO(OH),. Meanwhile, many ultra-thin
nanosheets were generated. The main component elements of
these nanosheets are O and Zn. When discharged to 0.8 V, the
high activity of the Zn,MnO(OH), particles and the emergence
of Zn,SO,(OH)s5H,0 can change the pH of the electrode
surface, causing Zn,MnO(OH), dissolution at the full discharge
state. Specifically, the reversible mesophase Zn,MnO(OH),
particles began to appear at 1.55-1.60 V, indicating that the
conversion and deposition of Mn>" on the cathode do not result
from the direct electrodeposition reaction (Mn** to MnO,) but
from the conversion of Zn,MnO(OH), nanosheets.*®***>

According to the above discussion, the conversion
Zn** storage mechanism of the MOF-73 cathode is illustrated
in Fig. 5a and c. During the initial discharge process,
Zn,SO,4(OH)e-5H,0 forms on the surface of the electrode. In
the latter cycle, the charge plateaus at ~1.55 V and ~1.60 V
result from the Mn”" interaction with Zn,SO4(OH)e-5H,0 nano-
plates and turn into Zn,MnO(OH), nanosheets, then part of
Zn,MnO(OH), transforms into ball-like MnO, nanoparticles.
Subsequently, Zn>" ions are extracted from MOF-73 (~1.76 V),
and the last charge plateau emerges. In the following discharge
process, the corresponding discharge plateau (~1.45 V) is
generated with Zn>" insertion into MOF-73. After that, the
Zn,MnO(OH), undergoes a proton solid-phase reaction but

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Zn,MnO(OH), nanosheets are gradually reduced by reacting
with H" (~1.35 V). With H" consumption, Zn,SO,(0OH)s-5H,0
nanoplates are reformed on the cathode at the last discharge
plateau (~1.20 V). The high activity of Zn,MnO(OH), and the
reformation of Zn,SO,(OH)e-5H,0 change the pH of the elec-
trode surface, causing Zn,MnO(OH), dissolution at the full-
discharge state. The chemical reaction equations to illustrate
the above Zn”>" storage mechanism are displayed in Fig. 5b.
According to the electrochemical mechanism of this kind of
MOF electrode material in LIBs and SIBs, the reaction of MOF-
73 is a two-electron transfer reaction between its keto and enol
form. The capacity contribution at 1.60/1.35 V comes from the
sedimentation/resolution of manganese and Zn,SO,(OH)s-
4H,0 on the electrode surface. Every subsequent charge/dis-
charge cycle is consistently in agreement with this reversible
electrochemical conversion reaction.

4. Conclusions

Here, we report MOF-73 as a cathode material for AZIBs, which
delivers a high capacity of 815 mA h g " (0.84 mA h cm 2 at
50 mA g ). It has been illustrated by various ex situ measure-
ments that MOF-73 can accomplish a discharge voltage at
1.45 V and induce the deposition of manganese ions to form
Zn,S04(OH)s and Zn,MnO(OH),, co-contributing to a high-
specific capacity. This work provides new fundamental insight

© 2022 The Author(s). Published by the Royal Society of Chemistry
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into the zinc storage mechanism of MOFs and can help to guide
future efforts to explore new MOFs as competitive cathodes
for AZIBs.
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