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Self-Assembling Films of Covalent Organic Frameworks
Enable Long-Term, Efficient Cycling of Zinc-Ion Batteries
Jun Heuk Park, Myung-Jun Kwak, Chihyun Hwang, Kyeong-Nam Kang, Nian Liu,
Ji-Hyun Jang,* and Bartosz A. Grzybowski*
These problems are largely due to the
spontaneous side reactions (i.e., hydrogen
evolution reaction, HER) and irregular
and uneven deposition (plating) and dissolution (stripping) processes, leading to
the formation of large dendrites on the
Zn anode.[12] Accordingly, various strategies for suppressing dendrite growth have
been pursued, both by adjusting the composition of the electrolyte and by mechanical means. The former entail addition of
bulky-anion zinc salts,[13,14] small inorganic
or organic molecules[15,16] to the electrolyte,
or the use of ionic liquids[17]—such modifications increase the price but do not necessarily guarantee improved performance, as
they can adversely affect ionic diffusion[18]
and increase electrolyte’s viscosity.[14,19]
The mechanical means rely on the construction of hierarchical/
nanoscale electrode structures to accommodate Zn deposits[5,9]
and on the use of porous separator membranes—ranging from
filter paper[20] to hydrophilic glass fibers[21]—that allow adequate
mass transfer but are generally not sufficient to prevent battery
failure by detachment of dead Zn or by short-circuiting due
the growing Zn dendrites.[22] More architecturally advanced
solutions include micrometer-thick films of MOF crystallites
imbibed with water-insoluble electrolytes, though the robustness of the MOF layer, scalability to large surface areas and cost
(e.g., of the electrolyte in the HKUST-1/Zn(TFSI)2 system[23])
remain problematic. Covalent organic frameworks, COFs can
be an alternative to MOFs and have, indeed, been used in Libased batteries, which suffer from issues similar to ZABs. In
particular, either compressed COF powders or interfaciallypolymerized (and then transferred onto the electrode) COF
films were shown to stabilize the reactive Li metal surface, providing lithiophilic porous channels that ensure homogeneous
Li+ ion flux or selective Li+ ion transport, in effect enabling
dendrite-free battery operation.[24–26] Here, we demonstrate
self-assembly of large-area, robust yet flexible (<200 MPa) and
ultrathin (20–100 nm) COF films[27,28] directly on zinc anodes,
either planar or curvilinear: these films suppress dendrite
growth and formation of electrochemically inactive zinc byproducts,[29] and guide homogeneous Zn deposition. For asymmetric COF@stainless-steel||Zn and symmetric COF@Zn||Zn
cells, we achieve stable polarization voltage for over 420 h of
cycling at 1 mA cm–2 up to 1 mAh cm–2 (without compromising
Coulombic efficiency, CE, at initial cycling stages or reversibility
later on[30,31]). These values compare favorably with the longest
reported cycle life values at 1 mA cm–2: 150 h for atomic layered

Despite their safety, nontoxicity, and cost-effectiveness, zinc aqueous batteries still suffer from limited rechargeability and poor cycle life, largely due
to spontaneous surface corrosion and formation of large Zn dendrites by
irregular and uneven plating and stripping. In this work, these untoward
effects are minimized by covering Zn electrodes with ultrathin layers of
covalent organic frameworks, COFs. These nanoporous and mechanically
flexible films form by self-assembly—via the straightforward and scalable
dip-coating technique—and permit efficient mass and charge transport while
suppressing surface corrosion and growth of large Zn dendrites. The batteries demonstrated have excellent capacity retention and stable polarization
voltage for over 420 h of cycling at 1 mA cm−2. The COF films essential for
these improvements can be readily deposited over large areas and curvilinear
supports, enabling, for example, foldable wire-type batteries.

1. Introduction
Batteries based on aqueous electrolytes and zinc anodes (socalled zinc aqueous batteries, ZABs) have been studied vigorously because of their safety, nontoxicity, cost-effectiveness,
high theoretical capacity,[1] and superior energy density compared to other aqueous battery systems.[2–6] However, despite
recent advances in engineering design[6] and the choice of electrolytes[7] and cathode materials used (Mn, V oxides[8,9]), ZABs
still suffer from poor reversibility and limited cycle life.[10,11]
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deposition (ALD, 100 cycles) of TiO2 @ Zn,[32] 80 h for NanoCaCO3@Zn,[30] and only ≈40 h for bare Zn anode[30–32] (for
summary of these and other prior works, see Table S3 in the
Supporting Information). Moreover, we show that full COF@
Zn||δ-MnO2 cells retain initial specific capacity significantly
better than conventional Zn||δ-MnO2 devices (88.5% with a
CE value of ≈100% vs 58.7% with a CE value of 99% after 300
cycles at high, 2 A g–1 current density). We also capitalize on
COF films’ flexibility to demonstrate a wire-based ZAB with a
COF-coated electrode that exhibits excellent operational characteristics upon bending, twisting, or crumpling. From a practical point of view, the key advantage of our supramolecular
approach is the ease and economy of COF films formation—by
simple immersion into the solution COF’s inexpensive precursors—in effect enabling scalable deposition over large areas
and arbitrary substrate topographies.

2. Results and Discussion
2.1. Deposition and Characterization of COF Films
We surveyed nine different COFs formed from the same aldehyde precursor, 1,3,5-triphloroglucinol (TFP), and various aromatic amine linkers shown in the inner circle in Figure 1a.
These components reacted to form β-ketoenamines shown
in the outer circle and exhibited good hydrostability.[33] The
COFs formed in this manner are labelled as a “DIP” series
(A through H) to emphasize their deposition via dip-coating.
Specifically, having tried various previously reported methods
of forming continuous COF films (by in situ growth,[34] layerby-layer stacking,[35] and interfacial polymerization[36]), we ultimately developed a straightforward procedure in which the
COF precursors dissolved in 40 mL 1,4-dioxane/mesitylene/
dichloromethane (1:1:2, v/v) solvent (or dimethylformamide;
see the Experimental Section in the Supporting Information for
details) adsorb onto and react on a Zn substrate immersed in
the solution (Figure 1b). In this way, we were able to coat uniform COF films over areas as large as 30 × 12 cm2 and on both
planar and curvilinear supports (see Sections S3 and S13 in the
Supporting Information). We note that similar-quality films
also formed on other metals or even glass, and could be
detached from such supports (e.g., from Cu, by etching copper
with 1 m HCl solution;[37] from glass, by mechanical shaking
in emulsified solvents such as THF/H2O; see Section S3 in the
Supporting Information). Detachment of freestanding films is
important insofar as it allows for additional characterization
modality.
Regarding such characterization, FTIR spectra of the COF
films evidenced disappearance of the free-diamine NH
stretch at 3200–3500 cm–1 and appearance of the characteristic
β-ketoenamine CN stretch at 1250 cm–1 (Figure 1c; for details,
see Section S8 in the Supporting Information). Additional
evidence of β-ketoenamine’s formation came from 13C crosspolarization magic-angle-spinning (CP-MAS) solid-state NMR
spectroscopy: signals at 145 and 120 ppm were attributed to,
respectively, the enamine carbon (CNH) and α-enamine
carbon of β-ketoenamine (Figure 1d; Section S4, Supporting
Information), whereas the absence of a signal around 190 ppm
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indicated the loss of TFP ligands.[38] Presence of β-ketoenamine
linkages was also consistent with N1s binding energy of
400 eV as measured by X-ray photoelectron spectro
scopy
(XPS; Section S5, Supporting Information). Powder X-ray
diffraction (PXRD) confirmed the presence of characteristic diffraction peaks, though these peaks were broadened, reflecting
microstrain between crystalline and amorphous domains[39]
(Section S6, Supporting Information). Simulated PXRD patterns taking into account various degrees of microstrain agreed
with experimental spectra. For instance, Figure 1e shows PXRD
spectrum of DIP D COF consistent with a simulated diffraction
pattern and with reported crystallographic data[40] (space group:
P6-m, diffractions at 3.5° for {100} plane, 5.9°, 7.0°, and a peak
at 27°—broadened due to π−π stacking between benzene rings
in COF layer—for {001} plane). We note that while addition of
acetic acid could increase crystallinity of the COF,[41] even its
small amount can corrode Zn anode.
The thickness of the deposited COF films increased with the
time of immersion; for instance, the DIP A COF grew at room
temperature to 5–60 nm after one day and to >100 nm after five
days, and the DIP D COF to 50 nm after one day and up to
70 nm after five days (top panel in Figure 1f and Section S9 in
the Supporting Information). This increase was accompanied
by increasing stiffness of the films as quantified in the bottom
panel of Figure 1f by their Young’s moduli[42–44] derived from
multiple force–separation curves (attraction/retraction) acquired
by atomic force microscopy (AFM). As seen, the typical values
after five days of growth were on the order of 100–200 MPa
(with exception of >800 MPa for DIP C)—that is, similar to
poly(ethylene oxide) (PEO, 82.8 MPa) or poly(vinylidene fluoride) (PVDF, 171 MPa) but less elastic than polyurethane (PU,
1.4 MPa).[45] Unlike micrometer-thick films of such polymers,
however, COF films cannot swell much upon contact with battery electrolyte (which would be an untoward effect reducing the
volume of electrolyte in a cell). We also note that in the context
of their resistance to volumetric changes induced by Zn deposition (and dissolution) and dendrite growth, films characterized
by lower Young’s modulus might be more desirable—indeed,
lower-modulus films such as DIP D (grown for five days)
remained stable over multiple indentation/retraction cycles,
whereas higher-modulus ones such as DIP A were punctured
with relatively large, ≈250 nm holes (Figure 1g,h).
In addition to being flexible, the COF films have strong
affinity to Zn2+ ions. Electron-rich ketone and imine functional
groups in the COFs favor interactions with zinc ions[46,47] and
accelerate transport of these ions through the pore walls via siteto-site hopping mechanism.[48] Zn2+ binding is also confirmed
by experiments in which the COF films were immersed into
the solution of a zinc salt, 2 m ZnSO4: XPS spectra included
in Section S10 (Supporting Information) feature characteristic
Zn 2p3/2 and Zn 2p1/2 signals around 1022.0 and 1045.0 eV. A
distinct peak shift of Zn 2p toward lower binding energy (most
pronounced for DIP D COF, Figure S33, Supporting Information) demonstrates strong zinc-ion affinity, which is additionally confirmed by electrochemical quartz crystal microbalance
(EQCM) studies summarized in Figure S60 in the Supporting
Information. Such binding is transient and thus enables more
uniform flux of Zn2+ ions through the COF film[48] and may
facilitate uniform Zn nucleation and growth.
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Figure 1. Structures and properties of COF films prepared by dip-coating. a) Structures of COFs and of components from which they form. 1,3,5-triformylphloroglucinol (TFP) shown in the center reacts with various aromatic amines (inner circle) to form COFs of the DIP series (outer circle).
b) Scheme illustrating self-assembly of a continuous COF film on a solid substrate. Insets in the leftmost and the rightmost schemes are optical images
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Regarding nucleation, initial Zn deposition at the electrode/electrolyte interface was studied by chronopotentiometry (CP) in Zn||Zn two-electrode configuration (Section S12
and Figure S38, Supporting Information): The voltage profiles for bare Zn (black curve in Figure S38 in the Supporting
Information) and DIP D@Zn (orange curve) reveal a significant difference of nucleation overpotentials (146 mV vs 58 mV;
Figure S38a, Supporting Information). Lower zinc nucleation
overpotential, i.e., the lower energy barrier for Zn deposition,
makes DIP D COF a favorable material for initial Zn deposition.[49,50] Smaller potential gap between nucleation and growth
(plateau) regions for DIP D@Zn (10 mV vs 84 mV for bare
Zn; Figure S38b, Supporting Information) i mplies that Zn
ions attach preferentially to initially nucleated Zn.[51] For bare
Zn, sharp (or steep) nucleation overpotential profile (black vs
orange dotted arrows in Figure S38b in the Supporting Information) indicates rapid formation of inhomogeneous Zn
nuclei, which turn into dendrites; for DIP D@Zn (orange curve
in Figure S38b in the Supporting Information), smaller nuclei
are more homogenous, and the growth of Zn is more evenly
distributed. Taken together, these results indicate that our COF
films can “homogenize” Zn2+ flux and promote even versus
dendritic growth of Zn structures upon electrochemical cycling.
2.2. Performance of ZABs in Asymmetric and Symmetric
Configurations
We first assembled and compared the performance of zincaqueous batteries (ZAB) in asymmetric- and symmetric configurations. All these cells used the same 2 m aqueous ZnSO4
electrolyte, a Zn counter electrode, and a glass microfiber separator. They differed in the electrode: In the asymmetric configuration, the electrode was made either of bare stainless steel (SS)
or stainless steel covered with a COF film (COF@SS); in the
symmetric configuration, it was made of bare zinc or zinc covered with a COF film (COF@Zn). As the COF, we chose DIP
D because, as we have seen, it offers the best combination of
mechanical durability, strong affinity for zinc ions, low nucleation overpotential, and high resistance to electrode’s corrosion
by electrolyte (for battery tests with different COFs, see Sections
S12, S14, and S15 in the Supporting Information).
In the asymmetric cell configuration, the reversibility of Zn
plating/stripping upon charge–discharge cycling was evaluated in terms of Coulombic efficiency, CE, and voltage profile
(Figure 2a,b). Here, the bare SS electrode exhibited unstable
CE values at the initial cycling segment and significant voltage
fluctuations due to the high local charge concentration on the
surface of the electrode with the heterogenous oxide layer. This
cell failed already after 50 plate–strip cycles, either as a result of

localized short-circuiting or by reconnection of Zn deposit fragments that broke away from the electrode (“dead” zinc).[52,53]
In contrast, DIP D@SS electrode exhibited significantly
more stable plating/stripping behaviors and failed only after
≈500 cycles (over initial 21 cycles, average CE was >99.95%; see
Figure S39 for close-up CE in the Supporting Information).
For the symmetric cells, stability of the bare versus DIP
D-coated Zn electrodes was evaluated by long-term galvanostatic cycling at 1 and 2 mA cm–2 up to 1 mAh cm–2 areal
capacity (Figure 2c,d). Whereas the cell with bare Zn electrode
(or Zn||Zn cell) exhibited a sudden voltage fluctuation already
after several initial cycles (≈14 h of cycling in Figure 2c and
≈12 h in Figure 2d; see red boxes and insets to these figures)
and irreversible rise of the polarization voltage (“short”) already
at ≈18 h in Figure 2c and ≈22 h in Figure 2d), the cell with
DIP D@Zn electrode sustained a stable polarization voltage
(≈36 mV for 1 mA cm–2 and ≈40 mV for 2 mA cm–2; see insets)
for over 420 h of cycling. We note that DIP E@Zn||Zn symmetric cell also exhibited significantly extended cycling lifetime,
>1000 h in comparison to <100 h for Zn||Zn cell, though only
at lower current density (0.25 mA cm–2, up to 0.05 mAh cm–2).
In this case, thick, rough, and less Zn2+-binding film of DIP E
(cf. XPS in Figure S33 in the Supporting Information) suffers
from poor Zn deposition and short battery life[45,54] when operated at higher current density of 0.5 mA cm–2 (for details, see
Figure S40 in the Supporting Information).
2.3. Performance of Full Cells
Next, we assembled and tested full cells composed of δ-MnO2
cathodes and, as before, either bare Zn or DIP D@Zn anodes.
Cyclic voltammograms of both types of cells featured distinct redox anodic and cathodic peaks, which were attributed
to the reversible Zn2+ and H+ insertion/desertion reactions
(Figure S43, Supporting Information).[55] The contribution of
DIP D to the cell’s capacity[57–60] was identified by CV tests using
DIP D on the glassy carbon as a working electrode—maximum
capacity was 2.5 μAh cm–2 at 0.5 mV s–1, confirming that additional electrochemical charge storage of the DIP D layer on
Zn was negligible in full cell operation (see also Figure S44 in
the Supporting Information). For DIP D@Zn||δ-MnO2, positions of the redox peaks were slightly shifted due to improved
reversibility and kinetics (reduced gap between the oxidation and reduction peaks), which indicates that the COF film
allows for efficient mass transfer and prevents surface corrosion; therefore, increasing zinc utility by hindering surface passivation. We note that DIP D@Zn-based full cell had slightly
higher capacity than the bare-Zn-based one (371 vs 353 mAh g–1
at 0.2 A g–1; Figure 2e), mostly due to the increased capacity

of, respectively, bare Zn before COF deposition and COF-coated Zn after one day of dip-coating growth. c) FT-IR spectra of DIP D COF and of its constituent building blocks. The CO stretch band originally at 1658 cm–1 in TFP ligands is shifted to 1610 cm–1 in the COF and overlaps with the newly
generated CC band cantered at ≈1580 cm–1. d) 3C CP-MAS solid-state NMR spectra of DIP D COF (the reference peak is ratified by hexamethylbenzene (HMB)). e) Experimental (black/blue = with/without acetic acid added) and simulated PXRD patterns (see model crystal structure in Figure S15c
in the Supporting Information) with varied percent of strain to illustrate peak broadening. f) Thicknesses and Young’s moduli of the DIP-series COFs
obtained from multiple nanoindenting experiments using AFM: one-day dip coating (black), three-day dip coating (red), five-day dip coating (blue) at
room temperature. The elements of the box plots are: 25% and 75% quartiles (edges of the box), median (midline), and maximum/minimum values
(whiskers). These moduli were obtained from force–separation curves (attraction and retraction; see details in Section S12 in the Supporting Information). g) AFM image of DIP D COF film, grown for one day, before nanoindentation (left) and after nanoindentation (right). h) AFM image of DIP A
COF film, grown for one day, after nanoindentation—note the holes (black) punctured in the film.
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Figure 2. Electrochemical performance of asymmetric, symmetric, and full cells with DIP D-coated versus bare electrodes. a) Coulombic efficiencies of
asymmetric cells—a cell with a DIP-D-coated stainless steel (DIPD@SS) electrode versus a cell with a bare stainless steel (SS) electrode. Zinc metal
was plated at 4 mA cm–2 up to 1 mAh cm–2 and stripped at the same rate and capacity. b) The corresponding voltage profiles at initial cycles (1st, 5th,
and 10th) on each electrode. c,d) Symmetric plating/stripping tests on DIP-D-coated and bare Zn electrodes: c) at 1 mA cm–2 up to 1 mAh cm–2 and
d) 2 mA cm–2 up to 1 mAh cm–2. Electrolyte = aqueous 2 m ZnSO4 solution. e–g) DIPD@Zn||δ-MnO2 and Zn||δ-MnO2 full cell performance. e) Galvanostatic charge/discharge profiles (i: 0.2 A g−1) and f) rate capability curves at various current densities (indicated above the curves in A g−1 units).
g) Cycling performance with corresponding Coulombic efficiency (CE) at 2 A g–1 for 300 cycles. Electrolyte = aqueous mixed 2 m ZnSO4 + 0.2 m MnSO4
solution. The addition of MnSO4 was intended to suppress the Mn2+ dissolution from the δ-MnO2 cathode.

in Zn2+ insertion/desertion region (in the range above
220 mAh g–1). The DIP D@Zn||δ-MnO2 cell had better rate capability even at high current density (>5 A g–1), mainly on account
of corrosion resistivity of Zn, improved Zn reversibility and the
uniform morphology of Zn deposits secured by COF overlayers,
in effect leading to maintained discharge capacity (Figure 2f).
Most remarkably, DIP D@Zn||δ-MnO2 offered highly improved
capacity retention (88.5% for DIP D@Zn||δ-MnO2 versus 58.7%
for the Zn||δ-MnO2) with an excellent CE (>99.9% for DIP
D@Zn||δ-MnO2) after 300 cycles (Figure 2g).
2.4. Deformable, Wire-Type ZABs
Thin and elastic and DIP COF films can be also grown on curvilinear substrates (see Section S13), including thin wires from
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which deformable devices can then be constructed. To fabricate a deformable wire-type ZAB, a Zn wire coated by DIP D
COF and a nickel wire coated with δ-MnO2 were wrapped in a
hydrophilic separator (celgard-2400). Then, they were wound
up in a double-helix manner and were immersed within a
PVA gel electrolyte (PVA/ZnSO4 + MnSO4), as illustrated in
Figure 3a. The entire assembly was covered with parafilm
to prevent evaporation. As in the case of planar cell arrangements, the DIP D coating prevented formation of large, protruding dendrites—instead, the Zn deposits were compact
and oriented along the wire’s surface (Figure 3b). Capacity
was largely retained over many cycles of bending/unbending
(Figure 3c–e). After 200 folding/recovery cycles, the surface
of the COF did not show any noticeable cracks or other deterioration (Figure 3d). The capacity was retained when the battery was subject to bending, twisting, crumpling, or rolling
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Figure 3. Architecture and performance of deformable, wire-type ZABs. a) Scheme of the wire-type w-COF@Zn||δ-MnO2 battery. b) SEM images of Zn
deposited on w-DIPD@Zn at 0.1 mA cm–2 for an aerial capacity of 0.1 mAh cm–2. c) Capacity retention at 0.5 A g–1 after 200 successive bending cycles
between flat (0°) and bent (150°) positions. d) Top SEM views of w-DIPD@Zn around folding lines in the pristine state and after 200 folding cycles.
e) Capacity retention at 0.5 A g–1 upon charge/discharge cycles and for bent and recovery states. f) Capacity retention (%) of a single-wire battery when
subjected to various bending conditions (flat → bent (90°) → bent (150°) → twisted → crumpled → rolled → recovered). g) Charging and discharging
curves of a single cell and of serially connected cells. Photographs illustrate how two intertwined batteries connected in series remain operational
despite being mechanically deformed (coiled as shown in Figure S45 in the Supporting Information) and power red and green LEDs.

(Figure 3f; see CV graph in Figure S47 in the Supporting
Information). Even in the folded state, our wire ZAB retained
its electrical properties and was able to power LEDs or laboratory timers (Figure 3g).
2.5. Structure of Zn Deposits on Bare versus COF-Coated
Electrodes
With the above experimental demonstrations of various battery
types, we sought direct evidence that improved performance can
indeed be linked to the morphology of the Zn structures with
the corrosion resistance on bare versus COF-coated electrodes
(Figure 4a). To this end, we performed postmortem analyses
of bare-zinc versus COF-coated Zn electrodes. As illustrated
in Figure 4b and Figure S51a-c (Supporting Information), bare
Zn electrode taken from a poorly performing (symmetric-cell
configuration after 20 cycles at 1 mA cm–2, up to 1 mAh cm–2)
was covered with bulky, porous-looking ≈100 µm dendrites. In
contrast, Zn deposits on DIPD@Zn electrode subject to the
same cycling protocol—with the same net charge passed and
the same net amount of Zn deposited (Figure 4c; Figure S51d-f
and Figure S52c,d in the Supporting Information)—were much
smaller (≈200 nm in width, and 6.5 µm in height), uniformly
distributed, compact, and without any cracks or porosity. These
differences can be attributed to the strong adhesion and conformal contact between the DIP D COF and the Zn electrode—
in effect, eliminating lateral Zn2+ transport along the plane of
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the electrode, decoupling the growth of neighboring nuclei,
and preventing uneven nucleation and growth under the film.
Such effects cannot be easily eliminated by conventional techniques of COF film deposition (e.g., interfacial crystallization[42]
or doctor-blading, a version of molding crystallization,[35] see
details in Figure S53, Supporting Information) and even with
dip-coating care must be taken to ensure high film quality. In
the latter context, when the electrode was covered with a defective DIP-D film (deposited using low concentration of substrates and for a short time only), micrometer-scale pores in
this film allowed for the growth of randomly stacked, dendritic
Zn flakes (Figure S51g-I, Supporting Information).
We also studied the dynamics of Zn growth by in situ optical
microscopy. To this end, we prepared home-made microscopy
cells in which half of the Zn electrode was bare and half covered with DIP D COF (Figure 4d for the scheme and 4e for
SEM images of pristine electrode). As illustrated by the images
in Figure 4f, deposition on the bare Zn was inhomogeneous
with hydrogen bubbles visible in the initial stages (circled in
the 6 min image), and ≈15–20 μm dendrites clearly visible after
60 min of deposition. In comparison, DIP D@Zn presented
smooth overlayer during the entire plating process, with no visible dendrite growth, corrosion of metal (see corrosion studies
in Figure S61 and Figure S62 in the Supporting Information)
or mechanical failure of DIP D (punching or tearing) observed
(Figure 4g and SEM in Figure 4j). We emphasize that flexibility
and mechanical durability of DIP D overlayer were essential
for smooth deposition even under high-capacity conditions
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Figure 4. Microscopic and crystallographic analyses of Zn deposits without and with COF films. a) Scheme illustrating differences in the plating/
stripping behaviors of bare versus COF-coated electrodes. The proposed mechanism stipulates that without a COF layer, Zn plates through inhomogeneous nucleation and growth. Accumulation of electrons and ions at the tips of inhomogeneous Zn nuclei[56] accelerates growth of large dendrites
that can puncture separator layer and short the battery. With a COF layer, deposition is more uniform, dendritic growth suppressed, and battery lifetime
improved. b,c) Morphology of zinc deposits on a zinc electrode at 1 mA cm–2 up to 1 mAh cm–2 for 20 cycles. b,c) SEM images of zinc deposits on:
b) a bare Zn electrode (top: top view; bottom: cross-sectional view) and c) the DIP D@Zn electrode (top: top view; bottom: cross-sectional view).
Note: Prior to imaging, DIP D COF layer was removed. d) Scheme of the electrochemical cell used for in situ optical microscopy. e) Top SEM view
of pristine Zn (left) and of DIP D@Zn (right). f–g) In situ optical microscopy following Zn deposition process on: f) a bare Zn electrode and g) the
DIP D@Zn electrode at 1 mA cm–2. Corresponding SEM images after deposition are in the rightmost column. h) Scheme illustrating the (002) and
(101) crystalline faces of hexagonal Zn. i) PXRD patterns for pristine Zn, cycled Zn, and cycled DIP D@Zn (reflections in the 2θ range of 5°–30° match
Zn4SO4(OH)6·3H2O, Lahnsteinite—PDF #44-0673). j) SEM and EDS elemental maps of bare Zn (left) and DIP D@Zn (right) after high capacity plating
at 4 mA cm–2 up to 4 mAh cm–2 (see details in Figure S51 in the Supporting Information). Large deposits on bare Zn contain noticeable amounts of
sulfur due to Zn4SO4(OH)6·3H2O by-product detected in (i).

Adv. Mater. 2021, 2101726

2101726 (7 of 9)

© 2021 Wiley-VCH GmbH

www.advancedsciencenews.com

www.advmat.de

inherent in high-energy-density battery designs (see SEM and
elemental analysis in Figure S56 in the Supporting Information; 4 mA cm–2 up to 4 mAh cm–2). In contrast, mechanically
stiffer (see Young’s modulus Figure 1f) and less-zincophilic
(see XPS in Figure S33 in the Supporting Information) DIP C
COF gets easily perforated by Zn dendrites, which results in
pits and microcracks in the COF film (Figure S57, Supporting
Information) and shortens the cycle life to just 32 h (1 mA cm–2
up to 1 mAh cm–2).
Finally, powder X-ray spectra evidence that COF films promote growth of oriented Zn deposits following (002) plane:
the ratio of XRD intensities of (002) and (101) reflections was
0.27 for bare Zn, 0.58 for battery-cycled Zn, and 3.18 for batterycycled Zn covered with DIP D film (Figure 4h,i). We observe
that for the COF-coated film, there were no reflections characteristic of irreversible crystalline electrodeposits like flake-like
zinc hydroxide sulphate hydrate, Zn4SO4(OH)6·3H2O,[61] whose
presence on bare Zn is evident in the PXRD pattern and is also
corroborated by high content of sulfur in EDS elemental maps
(Figure 4j). Without the COF coating, these Zn2+-insulating byproducts result from the locally elevated pH due to competitive
H2 evolution (cf. hydrogen bubbles shown in Figure 4f) at the
anode side[62] and hinder further deposition of Zn. Suppression
of such unwanted electrodeposits is likely due to the COF film
serving as a selective diffusion barrier preventing the approach
of sulfate anion (SO42–) to the anode. This is in line with the
transference number of zinc ions, tZn2+ , being markedly higher
when the COF film is present on the anode (tZn2+ = 0.56 for
Zn|DIP D|Zn configuration vs tZn2+ = 0.38 for Zn|glassy fiber
(GF)|Zn). The transference number for SO42– is then correspondingly lower since tSO24− = 1 − tZn2+ (for details, see Figure S59
in the Supporting Information).

3. Summary
We have shown that nanoporous COF films self-assembling on
Zn anodes are resilient enough to impart dendritic growth and
improve substantially the performance of ZABs. We believe the
approach can prove practically useful since the chemicals used
for the COF formation are relatively inexpensive (and used in
only minute quantities), and the dip-coating method is technically straightforward, readily scalable and applicable to nonplanar surfaces (e.g., wire-type batteries). Looking forward, we
envision extension of the methods described here to COFs of
various types and to other metal anodes (e.g., Li, Na, K, and Al)
used in rechargeable energy storage systems.
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