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Aqueous zinc-ion batteries (ZIBs) have been considered as safe and scalable energy storage solutions, but the dendrite and
corrosion issues of Zn anodes have hindered their further application. Herein, we demonstrate that two-dimensional metal-
organic framework (MOF) nanosheets can act as protective coatings to prevent dendrite formation and hydrogen evolution of Zn
anodes. The morphology of MOF's was tuned from octahedral nanoparticles (UiO-67-3D) to nanosheets (UiO-67-2D), leading to
significantly enhanced protective performance. UiO-67-2D nanosheets-coated Zn anodes displayed smaller polarization, longer
cycling lifetime and lower H, evolution than those of UiO-67-3D nanoparticles in symmetrical cells, which has been attributed to
the higher concentration of surface Zr-OH/H,O to induce uniform Zn deposition and one-dimensional (1D) channels perpen-
dicular to the Zn surface to regulate Zn”" diffusion. The assembled Ui0-67-2D@Zn||Mn,0;/C full cell shows a high capacity of

240 mAh g{l at1 A g{l and excellent cycling stability.

metal-organic frameworks, nanosheets, zinc-ion battery, zinc anode

Citation:

Lei L, Chen F, Wu Y, Shen J, Wu XJ, Wu S, Yuan S. Surface coatings of two-dimensional metal-organic framework nanosheets enable stable zinc

anodes. Sci China Chem, 2022, 65: 2205-2213, https://doi.org/10.1007/s11426-022-1324-0

1 Introduction

Aqueous zinc-ion batteries (ZIBs) are promising candidates
for large-scale energy storage systems owing to their high
specific capacity (theoretical weight capacity of 820 mAh gf1
and volume capacity of 5,855 mAh cm73), low cost, inherent
safety, and environmental benignity of Zn [1-4]. However,
the application of ZIBs has been seriously hindered by
dendrite growth (resulting from nonuniform Zn deposition)
[5], hydrogen evolution reaction (HER) (caused by thermo-
dynamic instability of Zn in aqueous electrolytes) [6] and
corrosion (self-corrosion and electrochemical corrosion) [7].
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To address these challenges, several strategies have been
proposed through the optimization of electrolytes [8], design
of porous Zn anodes [9,10], and surface modification by
protective coatings [11]. Among these strategies, surface
modification by protective coatings has been shown to en-
hance the cycling stability of Zn anode by regulating the Zn>
diffusion, creating uniform nucleation sites, and isolating the
Zn surface from corrosive aqueous electrolytes [12—14].
Various organic and inorganic materials have been attempted
as protective layers of Zn anodes, such as organic polymers
[15], carbon materials [16], metal oxides [17—19], and metal
sulfides [20]. For example, modification of Zn surface with
carbon has been shown to facilitate homogeneous current
distribution and uniform Zn deposition [21]. However, the
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conductive nature of carbon coating promotes the Zn de-
position and dendrite formation on the carbon surface, pos-
ing a threat to long-term cycling. Non-conductive layers,
such as ZrO, [17], TiO, [18], Al,O; [19], HfO, [22], and ZnO
[23], which show significant inhibitory effects on dendrite
formation and adverse reactions, have been explored.
Nevertheless, the electrochemically inert layers may hinder
the ion/electron transport and reduce the rate performance of
protected Zn anodes. Therefore, electrically insulating and
ionically conductive materials are highly desired as protec-
tive materials for Zn anodes, and metal-organic frameworks
(MOFs) are suitable candidates.

MOFs are porous crystalline materials constructed from
inorganic metal nodes and organic linkers [24]. Compared
with other organic and inorganic materials, such as organic
polymers and metal oxides, MOFs exhibit the following
merits in stabilizing Zn metal anodes. Firstly, the intrinsic
pores of MOFs allow facile diffusion of Zn®', while their
insulating nature ensures the deposition of Zn under the
MOF-protective layers. Secondly, the surface structure of
MOFs can be judiciously tuned to regulate the interaction
between Zn surface and electrolytes. The precisely defined
crystal structure of MOFs further facilitates the under-
standing of the structure-property relationship to guide the
rational design of Zn coatings. Finally, the morphology of
MOFs can be controlled to form stable two-dimensional
films attaching to the Zn surface. By engineering the surface
of MOFs, we expect to realize uniform Zn nucleation and
retard side reactions. Despite the aforementioned merits,
only a handful of MOFs have been explored as protective
coatings of Zn anodes, including ZIF-8 [25-29], HKUST-1
[30], UiO-66 [31], ZIF-7 [32], and Zn-BTC [33]. Although
these works highlight the promise of MOFs as Zn anode
coatings, these MOFs are usually obtained as nanoparticles
and deposited onto Zn anodes without structural or mor-
phological design.

Herein, we synthesized two MOFs, namely UiO-67-3D
and UiO-67-2D, and studied the effect of structures and
morphologies on their performance as Zn anode coatings.
UiO-67-3D has a three-dimensional (3D) framework struc-
ture forming octahedral nanoparticles, whereas UiO-67-2D
is a two-dimensional (2D) network with a nanosheet mor-
phology. Coating UiO-67-2D layers on the Zn anode dra-
matically reduced the polarization (overpotential of 50 mV at
3mA cmfz) and elongated the cycling lifetime (850 h at 0.5
mAh cmfz), while the overpotential of UiO-67-3D@Zn an-
ode increased rapidly within 210 h under the same cycling
condition. Furthermore, in situ gas chromatography-mass
spectrometry (GC-MS) studies revealed that UiO-67-2D
nanosheets-coated Zn anodes displayed lower hydrogen
evolution  (<0.5mmolh'cm?)  than  Ui0-67-3D
(1.1 mmol h™' cm %) and bare Zn (2.6 mmolh ' ¢m ) in
symmetrical cells, which is in agreement with the coulombic

Sci China Chem  November (2022) Vol.65 No.11

efficiency (CE) measurements. The superior protective per-
formance of UiO-67-2D compared with UiO-67-3D was
attributed to the higher concentration of surface Zr-OH/H,0
groups as zincophilic sites to allow uniform Zn nucleation,
which was confirmed by density functional theory (DFT)
calculations, diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), thermogravimetric analysis (TGA),
and contact angle measurements. Besides, the parallel or-
ientation of UiO-67-2D nanosheets on the Zn surface verti-
cally aligns the MOF channels, which regulates Zn diffusion,
leading to dendrite-free Zn deposition. The good perfor-
mance of UiO-67-2D@Zn anode was further verified in a
UiO-67-2D@Zn||Mn,O;/C cell showing high capacity
(240mAhg ' at 1Ag") and excellent cycling stability
(~100% CE and 81% capacity retention after 1,500 cycles at
2A gfl), which is much better than those of UiO-67-
3D@Zn|Mn,0,/C and bare Zn||Mn,0O;/C. This work high-
lighted the impact of MOF structures/morphologies on the
Zn anode performance to guide the rational design of pro-
tective coatings for stable Zn anodes.

2 Results and discussion

2.1 Synthesis of UiO-67-3D nanoparticles and UiO-67-
2D nanosheets

To overcome the challenges of Zn anodes in dendrite for-
mation and parasitic HER (Figure 1a), two MOFs with the
same metal and ligand but different morphologies were se-
lected. UiO-67-3D [34] formed octahedral nanoparticles,
similar to previously reported MOF materials used as pro-
tective coatings of Zn anodes (Figure 1b inset) [25-33]. On
the other hand, taking advantage of the high tunability of
MOFs, 2D nanosheets were obtained, namely UiO-67-2D
(Figure 1c inset) [35,36]. We propose that UiO-67-2D na-
nosheets may form denser layers than UiO-67-3D nano-
particles to regulate the diffusion of Zn*" (Figure 1b, c).
Meanwhile, the exposed Zr-OH/H,O on the surface of UiO-
67-2D nanosheets may provide nucleation sites for uniform
Zn deposition.

By judiciously controlling the z+*"/BPDC (BPDC = bi-
phenyl-4,4’-dicarboxylate) ratio and reaction temperature
during the MOF-synthesis, UiO-67-3D and UiO-67-2D were
successfully isolated. The structures of UiO-67-3D and UiO-
67-2D were confirmed by power X-ray diffraction (PXRD)
patterns, which matched well with the simulations based on
the reported crystal structures (Figure 2b) [34-36]. UiO-67-
3D is formed by connecting [Zry(p3-O)4(113-OH)41(CO,);5]
clusters with 12 linear BPDC linkers into a 3D framework
(Figure 2a, Figure Sla, Supporting Information online). On
the other hand, UiO-67-2D has 2D network structures with
[Zr15(13-O)s(13-OH)g(,-OH)J(OH)6(H,0)6(CO,),, - cluster
(Figure 2a, Figure S1b). Each Zr,,-cluster is coordinated to
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Figure 1 Scheme of anode surface evolution during plating/stripping for bare Zn suffering from dendrite growth and parasitic H, (a), UiO-67-3D@Zn
exhibiting non-uniform Zn”" diffusion and Zn protrusion (b), and UiO-67-2D@Zn-coated Zn showing uniform Zn”" diffusion and dendrite free plating/
stripping (c). Insets show the crystal structure of UiO-67-3D and UiO-67-2D with surface Zr-OH/H,O groups (color online).

12 carboxylate groups from BPDC linkers within the equa-
torial position, and terminated by six pairs of -OH/H,0O on
the top and bottom. UiO-67-3D and UiO-67-2D exhibit
different porosities, as confirmed by the N, sorption iso-
therms at 77 K (Figure 2¢). Brunauer-Emmett-Teller (BET)
surface area of UiO-67-3D and UiO-67-2D was calculated to
be 2,450 and 424 m’ g ', matching the literatures [34-36].
Pore size distributions derived from N, adsorption isotherms
reveal the pore sizes of 1.2 and 0.8 nm for UiO-67-3D and
Ui0-67-2D (Figure 2c inset), respectively, corresponding to
the octahedral cages and triangular channels in the crystal
structures of UiO-67-3D and UiO-67-2D (Figure 1). These
results confirmed the successful synthesis of UiO-67-3D and
Ui0-67-2D.

The morphologies of UiO-67-3D and UiO-67-2D were
characterized by scanning electron microscopy (SEM). UiO-
67-3D forms uniform octahedral nanoparticles with an
average size of ~300 nm (Figure 2d). In contrast, UiO-67-2D
are nanoplates with an average edge size of ~200 nm (Figure
2e). The orientation of UiO-67-2D was further revealed by
high-resolution transmission electron microscopy (HR-
TEM). The hexagonal lattices can be clearly observed along
the c-axis (Figure 2f, g), indicating that the UiO-67-2D na-
nosheets were grown within the ab-plane perpendicular to
the c-axis. The triangular channels are aligned perpendicular
to the nanosheets. The lattice fringe in HR-TEM images
matchs well with the crystal structures of UiO-67-2D (Figure
2g inset). This structural model agrees with the PXRD pat-
terns of UiO-67-2D, in which the diffraction peaks of (00/)
families were absent due to the low dimension along the c-
axis.

2.2 Fabrication of UiO-67-3D- and UiO-67-2D-coated
7Zn anodes

UiO-67-3D- and UiO-67-2D-coated Zn anodes were pre-
pared by drop-casting a suspension of MOF particles onto a
polished Zn foil. UiO-67-3D and UiO-67-2D remain stable
and crystalline after depositing onto Zn anodes, as confirmed

by their characteristic diffraction peaks in PXRD (Figure 3a).
SEM image of UiO-67-3D@Zn shows loosely packed UiO-
67-3D nanoparticles on the surface without preferred or-
ientations (Figure 3b). In contrast, UiO-67-2D nanosheets
are parallelly stacked forming a denser protective layer
(Figure 3c). Cross-section SEM images indicate the similar
thickness (~20 pm) of UiO-67-3D and UiO-67-2D layers on
the Zn surface (Figure 3d, f). The position of UiO-67-3D and
Ui0O-67-2D layers on the Zn foil was further confirmed by
elemental mapping images with energy dispersive X-ray
spectrometry (EDS). A clear layering of Zn and Zr elements
was observed, in which Zr mainly existed in the MOF-based
surface coating layer (Figure 3e, g) on the top of the Zn foil.

The porous MOF coatings exhibit poor electronic con-
ductivity, but high ionic conductivity and high Zn”" trans-
ference number, enabling them as sturdy artificial solid
electrolyte interphase layers. The ionic conductivity was
calculated from electrochemical impedance spectroscopy
(EIS) using symmetrical cells (Figure S2). The slightly
higher ionic conductivity of UiO-67-2D (2.65%10" S cm )
than UiO-67-3D (1.13x10° S cm™') can be attributed to its
1D open channels aligned perpendicular to the Zn surface.
On the other hand, the Zn" transference number of the UiO-
67-2D reaches 0.84, which is higher than that of bare Zn
(0.31) and UiO-67-3D (0.65, Figure S3), promising for more
effective Zn>" conduction. The enhanced Zn®* transference
number of UiO-67-2D can be related to its small and well-
oriented channels which allow fast Zn®" transportation while
block the SO,> anions. The selective binding of SO,” an-
ions by Zr-OH/H,0 of MOFs further inhibits the transport of
SO427 anions as demonstrated previously [37].

To study the effect of different MOF coatings on the Zn
stripping/plating behavior, MOFs@Zn electrodes symmetric
cells were assembled where the rate performance of Zn,
Ui0-67-3D@Zn, and UiO-67-2D@Zn electrodes was mea-
sured at various current densities (Figure 4a). The UiO-67-
2D@Zn electrode displays low overpotential and stable
voltage profiles. With the current density increasing from
0.25 to 3 mA cm , the Zn symmetric cell with UiO-67-
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Figure 2 (a) Crystal structures of UiO-67-3D (left) and UiO-67-2D
(right). Color scheme: Zr, blue polyhedral; O, red; C, black; MOF cavity,
yellow sphere. (b) Experimental and simulated PXRD of UiO-67-3D and
UiO-67-2D confirming the phase purity. (¢) N, sorption isotherms at 77 K
and pore size distributions derived from adsorption branches using a DFT
model for UiO-67-3D and UiO-67-2D. SEM images of UiO-67-3D (d) and
Ui0-67-2D (e). TEM (f) and HR-TEM (g) images of UiO-67-2D. Inset
shows the crystal structure of UiO-67-2D viewed along the c-axis (color
online).

2D@Zn exhibits a steadily increasing overpotential from 18
to 499 mV (Figure 4b). Impressively, the overpotential of
Ui0-67-2D@Zn symmetric cells is better than those of most
Zn anodes with various coatings, highlighting the distinct
advantage of 2D-MOF coatings (Figure 4c) [18,38—41]. For
comparison, UiO-67-3D@Zn symmetric cell exhibits vol-
tage oscillations, while bare Zn-based cell has an abrupt rise
in voltage at 3 mA cm  as a result of dendrite-caused short
circuit (Figure 4a). The reduced overpotential of MOF-
coated Zn anodes is attributed to the enhanced Zn>" con-
ductivity and reduced Zn nucleation barrier. First, the porous
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MOF coatings exhibit poor electronic conductivity, but good
Zn** conductivity (Figure S2). The uniform Zn®" diffusion
channels of porous materials will regulate the diffusion of
Zn”" and reduce the mass transfer overpotential [26]. Second,
the Zr-OH/H,0 sites on the surface of MOF particles act as
zincophilic sites to effectively reduce the Zn nucleation po-
tential, which will be discussed in later section. The long-
term galvanostatic cycling performance of Zn, UiO-67-
3D@Zn, and UiO-67-2D@Zn electrodes was further eval-
uated using symmetrical cells at 0.5 mA cm’ (Figure 4d).
Similar to the trend of rate performance, UiO-67-2D@Zn
shows the highest stability and lowest overpotentials among
the three electrodes, and operated for 850 h without obvious
changes in overpotentials (Figure 4d inset). In contrast, UiO-
67-3D-based Zn symmetric cells exhibit erratic voltage re-
sponse with the gradually enlarged overpotential starting
from 200 h, which is tentatively attributed to the protrusion
of Zn dendrites through the loose UiO-67-3D layers. Bare
Zn-based symmetric cells short-circuited after 71 h operation
due to the dendrite puncturing through the separator. Fur-
thermore, UiO-67-2D@Zn symmetric cell maintained fairly
good stability at higher charging/discharging rate and capa-
city (150 hat 2 mA cm >, 2 mAh em ~ (Figure S4a) and 60 h
at 5mA cm °, 5 mAh cm ~ (Figure S4b)), which is much
higher than the UiO-67-3D@Zn and bare Zn symmetric
cells. This was supported by the SEM and elemental map-
ping images. Cross-section SEM images after rate tests
(0.25,0.5, 1, 2, 3, 0.25 mA cm * for rate tests, each current
density with 20 h cycle time) show the protrusion of Zn
dendrites through the loose UiO-67-3D layers, whereas the
dense UiO-67-2D layers remain intact. Elemental mappings
further revealed the overlay of Zn and Zr elements within the
Ui0-67-3D layers, indicating the growth of Zn dendrites
within the UiO-67-3D coatings (Figure S5a). In contrast, the
Zn and Zr elements are well-separated on the UiO-67-2D/Zn
interface, indicating the stability of UiO-67-2D coating to
prevent Zn dendrites (Figure S5b). After rate tests (0.25, 0.5,
1,2,3,0.25 mA cm ~ for rate tests, each current density with
20 h cycle time), the UiO-67-3D and UiO-67-2D coatings
were further peeled off to show the morphology of the Zn
surface. Unlike the dendrites and protuberance observed on
bare Zn (Figure 5a) and UiO-67-3D@Zn (Figure 5b), the
surface of UiO-67-2D-coated Zn remained smooth (Figure
5c¢). Therefore, the enhanced cycling stability of Zn anodes
by MOF coatings can be attributed to the inhibition of den-
drite growth. We further used PXRD to study the crystal
orientation of deposited Zn on bare Zn, UiO-67-3D@Zn, and
Ui0O-67-2D@Zn electrodes. Compared with the pristine Zn
foil, the relative intensity of (002) peaks increased after de-
position on bare Zn, UiO-67-3D@Zn, and UiO-67-2D@Zn
electrodes, indicating the preferred growing along (002) di-
rection (Figure S6). This is consistent with the growth of
dendrites on bare Zn and UiO-67-3D@Zn electrodes after
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Figure 3 (a) PXRD of Zn, UiO-67-3D@Zn, and UiO-67-2D@Zn. Gray, blue, and yellow shadows highlight the characteristic peaks of Zn, UiO-67-3D, and
Ui0O-67-2D. SEM images of UiO-67-3D@Zn (b) and UiO-67-2D@Zn (c). SEM cross-section images (d) and the corresponding EDS elemental mapping (e)
of Ui0-67-3D@Zn. SEM cross-section images (f) and the corresponding EDS elemental mapping (g) of UiO-67-2D@Zn (color online).
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Figure 4 (a) Rate performance and (b) overpotential at different current densities for Zn, UiO-67-3D@Zn, and UiO-67-2D@Zn based symmetric cell. (c)
Comparing overpotential of UiO-67-2D@Zn with that of surface-protected anodes in the literature. (d) Cycling stability of Zn-, UiO-67-3D@Zn-, and UiO-
67-2D@Zn-based symmetric cell at 0.5 mA cmfz, 0.5 mAh cm > (inset shows the expanded view at initial and final voltage profiles) (color online).

deposition. For comparison, the peak of (002) was much
lower for UiO-67-2D@Zn electrode after deposition, which
is in line with the inhibitory effects of UiO-67-2D nanoplates
on dendrite formation. In addition, UiO-67-3D and UiO-67-
2D were stable after multiple-cycle deposition, as confirmed
by the maintained MOF diffraction peaks in PXRD patterns
of UiO-67-3D@Zn and UiO-67-2D@Zn (Figure S7).
Linear polarization curves were collected to study the
protective effect of MOF coatings against Zn corrosion in the
electrolyte. The corrosion currents of bare Zn, UiO-67-3D
@Zn and UiO-67-2D@Zn were 12.1,4.9 and 0.44 pA cm 2,

respectively, with the corresponding voltages of —0.036,
—0.023 and —0.021 V (Figure S8). The smaller corrosion
current and positively shifted corrosion voltage indicate the
anti-corrosion effect of MOF layers. In-situ optical micro-
scope images were further adopted to monitor the H, evo-
lution on different electrode surfaces. H, bubbles rapidly
emerged on a bare Zn surface within 30 min, suggesting
pronounced HER (Figure S9a). The UiO-67-2D and UiO-67-
3D coatings alleviated the HER, as indicated by the clean
surface after plating for 60 min (Figure S9b, c). Ex-situ op-
tical micrographs in Figure S10 further show the dendrite
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Figure 5 SEM images of bare Zn (a), UiO-67-3D@Zn (b) and UiO-67-
2D@Zn (c) after rate tests by peeling off MOF coatings (0.25, 0.5, 1, 2, 3,
0.25 mA cm  for rate tests, each current density with 20 h cycle time). /n
situ monitoring of H, flux for symmetric cells of Zn//Zn (d), UiO-67-
3D@Zn//Ui0-67-3D@Zn (e), and UiO-67-2D@Zn//Ui0-67-2D@Zn (f)
by GC-MS (color online).

growth of bare Zn, UiO-67-3D@Zn, and UiO-67-2D@Zn
after being plated in symmetric cells for 30 and 60 min at
1 mA cm . To quantitate H, production during plating/
stripping, we used in situ gas GC-MS to detect the H, flux of
each electrode in 2 M ZnSO, using symmetric cells
(3 mA cm %, 1.5 mAh cm ). The H, flux of bare Zn anodes
in symmetric Zn//Zn cell reaches 2.6 mmol h'em” during
plating/stripping for 3 h (Figure 5d), while the UiO-67-
3D@Zn  (1.1mmolh'em?) and UiO-67-2D@Zn
(0.5 mmol h' cmfz) exhibit significantly reduced H, flux
(Figure 5Se, f). These results agree with the higher CE of UiO-
67-2D measured using symmetric cells at a current density of
8.0 mA cm ” and a capacity of 1.0 mAh cm ™~ (Figure S11).
The protective effect of MOF layers can be explained by
their ability to separate water from Zn surface, which sig-
nificantly reduced Zn corrosion and enhanced the stability.
The better performance of UiO-67-2D@Zn than UiO-67-
3D@Zn can be explained by the dense packing of UiO-67-
2D nanosheets.

2.3  Mechanistic studies of Zn deposition

To mechanistically understand the effect of MOF coatings
and explain the difference in protecting performances of
Ui0-67-3D and UiO-67-2D, DFT calculations were adopted.
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Considering the morphologies of nanoparticles, we used the
most exposed crystal facets (111 for UiO-67-3D octahedral
nanoparticles and 001 for UiO-67-2D nanoplates) to build
our DFT models (Figure S12). The adsorption energy of Zn
atoms on different sites of MOF/Zn interface was calculated
to locate the preferred binding sites of Zn. Potential binding
sites evaluated in the DFT calculation include the BPDC
ligands (Figure 6b) and the Zr-OH/H,0 groups (Figure 6¢).
To compare the contribution of MOF coatings to Zn binding,
the Zn adsorption energy on each site was referenced to the
Zn adsorption energy on the bare Zn surface (Figure 6a). It
was found that Zn preferentially bound to Zr-OH/H,0O (AG =
—623kIJmol”") over the BPDC ligand (AG =
-37.1kJ mol_l) on the UiO-67-2D interface, which can be
explained by the polar Zr-OH/H,O groups favoring Zn
binding. A similar trend was also observed for the UiO-67-
3D interface (Table S1, Supporting Information online).
Therefore, the Zr-OH/H,O groups on the MOF/Zn interface
act as strong Zn binding sites where Zn deposition initiates.
This computational result is in line with the reduced over-
potential of Zn plating (i.e., lower nucleation barrier) by
MOF coatings.

It should be noted that UiO-67-2D has a much higher Zr-
OH/H,0 concentration than UiO-67-3D, which was verified
by DRIFTS, TGA, and contact angle measurements. The
peaks at 3,670 cm ' can be assigned to the bridging p;-OH
groups, while the broad band centered at 3,270 cm’ ' corre-
sponds to the hydrogen-bonded Zr-OH/H,O (Figure 6d).
Ui0O-67-2D shows a stronger adsorption band at 3,270 cm’'
than UiO-67-3D, indicating more Zr-OH/H,O groups. The
content of Zr-OH/H,O was further quantified by TGA
(Figure 6e). The weight losses at 300 and 550 °C are at-
tributed to the removal of Zr-OH/H,O and the framework
decomposition, respectively. The weight loss of UiO-67-2D
at ~350 °C (12.3 wt%) is significantly higher than that of
Ui0-67-3D (4.5 wt%), indicating a higher concentration of
Zr-OH/H,0. Further evidence was provided by contact angle
measurements. The water contact angle of UiO-67-2D@Zn
(55.1°, Figure 6h) is lower than that of UiO-67-3D@Zn
(66.6°, Figure 6g) and bare Zn (87.9°, Figure 6f). Coating
MOFs onto the Zn surface increased the hydrophilicity due
to the hydrogen bond interactions between Zr-OH/H,O
groups and water molecules. The higher hydrophilicity of
Ui0-67-2D@Zn than UiO-67-3D@Zn indicates more Zr-
OH/H,0 in UiO-67-2D. The different Zr-OH/H,O con-
centrations in UiO-67-2D and UiO-67-3D originated from
their structures and morphologies. UiO-67-3D is composed
of coordinatively saturated [Zrg(p3-O),4(p3-OH)4](CO,)15
clusters (Figure 6g inset), whereas UiO-67-2D contains a
[Zr15(13-0)5(13-OH)g(1-OH) J(OH)4(H20)6(CO,) 1, - cluster
with six pairs of terminal Zr-OH/H,O (Figure 6h inset). In
addition, the nanosheet morphology of UiO-67-2D shows
exposed Zr-OH/H,0 on the (001) surface. Although terminal
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Zr-OH/H,0 also exists on the (111) surface of UiO-67-3D
nanoparticles, the ratio of surface atoms in octahedral na-
noparticles is expected to be lower than that of nanosheets. In
summary, the higher cycling stability of UiO-67-2D@Zn
than UiO-67-3D@Zn is attributed to the more exposed Zr-
OH/H,0 as the zincophilic site, which induces uniform Zn
deposition. Compared with octahedral nanoparticles of UiO-
67-3D, the oriented UiO-67-2D nanosheets also ensure clo-
ser contact with the Zn surface to inhibit Zn dendrites and
side reactions. The vertically aligned MOF channels further
regulate Zn diffusion, leading to dendrite-free Zn deposition.
These results highlighted the unique advantage of 2D MOF
nanosheets as protective coatings for Zn anodes.

2.4 Full cell performance

To further evaluate the performance of MOF@Zn anodes in
practical ZIBs, Mn,0,/C nanoflakes derived from Mn-MOF
were employed as the cathode materials to assemble
MOF@Zn||Mn,05/C cells. Mn,0;/C cathode was derived
from Mn-MOF, and it displayed a nanoflake structure. The
corresponding mapping shows that C, Mn, and O are uni-
formly distributed (Figure S13). Raman spectrum of Mn,O5/

C manifests the D band at 1,340 cm ', G band at 1,599 cm ',
and /g/I, of 1.43, indicating the graphitic carbon (Figure
S14a). The spin-orbit splitting value from XPS of Mn,0,/C
is 11.3 eV, which matches that of Mn,0s. The peaks of Mn
2p;» at 651.53 eV and Mn 2p;,, at 639.9 eV belong to Mn”".
Mn 2p,, at 651.59 eV and Mn2p;, at 641.0 eV are attributed
toMn’". Mn 2p; at 653.05 eV and Mn 2ps), at 642.4 ¢V are
assigned to Mn*". Shake-up peaks are situated at 644.8 eV
(Figure Sl4c). The O 1s peak at 529 eV is from surface
lattice oxygen, that at 531.3 eV is due to adsorbed oxygen,
and that at 533.0 eV was attributed to adsorbed water (Figure
S14d). N, adsorption and desorption curve and pore size
distribution indicate a specific surface area of 265 m’ gfl and
a pore size of approximately 10 nm (Figure S14e). PXRD
patterns of Mn-MOF and Mn,0,/C are consistent with si-
mulations, confirming the phase purity (Figure S14f) [42].
The ZIBs were tested in electrolytes containing 2 M ZnSO,
and 0.1 M MnSO, (Figures S15, S16a). EIS shows that the
bulk resistance of MOF-coated Zn full cell is larger than that
of bare Zn, possibly due to the poor electrical conductivity of
MOF coatings. However, the higher slope in the low-fre-
quency region for MOF-coated full cells indicates faster Zn™"
diffusion, which is consistent with the high Zn™" conductivity
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of MOF coatings. The cyclic voltammetry (CV) curves of the
ZIBs with different anodes (Figure S16b) display identical
redox peaks, proving the negligible impact of MOF coating
on Zn’" diffusion in ZIBs [43]. The slightly smaller voltage
polarization of UiO-67-2D@Zn||Mn,0,/C cathode reveals
its better reversibility than that of UiO-67-3D@Zn and bare
Zn, possibly due to the lower Zn nucleation barrier on the Zr-
OH/H,0 sites. ZIBs with different anodes also display si-
milar galvanostatic charge-discharge (GCD) curves, and
Ui0-67-2D@Zn|Mn,0;/C, UiO-67-3D@Zn||Mn,05/C, and
Zn||Mn,05/C ZIBs achieve the capacities of 240, 212 and
210 mAh g ' at 1 A g " respectively (Figure S16c). Rate
capability tests show that the specific capacity of UiO-67-
2D@Zn|[Mn,0;/C gradually decreases as the current density
increases (Figure S17), but the capacity is fully recovered to
240 mAh gf1 when the cycling rate is switched back to
1A g_l. However, the capacity of UiO-67-3D@Zn||Mn,05/C
and Zn||Mn,05/C ZIBs exhibits a quick decay with current
densities increasing to 5 A gfl. When switched back to
1A g_l, they were unable to reach the initial level, indicating
an inferior rate performance due to high charge transfer re-
sistance (Figure S16d). More importantly, UiO-67-2D@Zn||
Mn,0O;/C shows high cycling stability with 81% retention of
initial capacitance and a CE of nearly 100% after 1,500 cy-
clesat2 A gf1 (Figure S16e), which is more stable than that
of UiO-67-3D@Zn (64% capacitance retention) and bare Zn-
based ZIBs (42% capacitance retention). To display the
practical application of ZIBs, UiO-67-2D@Zn||Mn,05/C
lighted up 12 light-emitting diodes (LEDs) and a digital
watch (Figures S16e inset).

3 Conclusions

In conclusion, UiO-67-2D and UiO-67-3D were applied as
Zn anodes to investigate the impact of MOF structures and
morphologies on the cycling performance of Zn anodes.
Compared with UiO-67-3D@Zn, the enhanced performance
of the UiO-67-2D@Zn anode was attributed to the higher
concentration of Zr-OH/H,0O as zincophilic sites to induce
uniform Zn deposition. The nanosheet morphology further
ensured close contact with the Zn surface, which prevents
HER reactions while permitting Zn®" diffusion through the
perpendicularly aligned channels. The UiO-67-2D@Zn||
Mn,0;/C cell achieves high capacity (240 mAh gfl at
1A gfl), good rate performance and cycling stability (81%
capacity retention after 1,500 cycles at 2 A gfl). This unique
Zn anode design using 2D MOF coatings not only provided a
promising anode candidate for ZIBs, but also related the
MOF structures/morphologies to the performance of pro-
tected Zn anodes. This mechanistic understanding of the
structure-property relationship will guide the design of pro-
tective materials for Zn anodes. Future work will focus on

Sci China Chem  November (2022) Vol.65 No.11

the surface engineering of MOF nanosheets by polar func-
tional groups to tune Zn deposition and further enhance Zn
anode stability. Furthermore, considering the precisely con-
trollable surface structures and pore environments of MOFs,
surface coatings with high stability and Zn>" ionic con-
ductivity can be envisioned for advanced aqueous zinc ion
batteries.
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