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Directionally Modulated Zinc Deposition by a Robust
Zincophilic Cu-Phthalocyanine Protective Layer in
Dendrite-Free Aqueous Zinc lon Batteries

Yidi Wang, Xinwei Jiang, Wenhao Liang, Benjamin Tawiah, Yang Wang,* Hao Jia,*

and Wai-Yeung Wong*

The directional modulation of zinc (Zn) deposition with further investigation
of the dendrite-formation mechanism is vital in artificial anode protective layer
for aqueous Zn-ion batteries (AZIBs). Herein, a robust metalated covalent
organic framework (CuPc-COF) used as the artificial anode protective layer is
proposed, in which the zincophilic sites of z-conjugated periodic skeletons
are precisely designed to modulate the directional migration of Zn?*, the
multiple redox-active sites facilitate the Zn?* confinement and transfer, and
the central metal copper (Cu) serves as the inhibitor to eliminate the hydrogen
evolution side reactions. By combining theoretical calculations with
experiments, the z-conjugated planar CuPc-COF layer is a desired protective
coating of AZIB anodes with directionally transport channels and abundant
redox active sites, thus inducing two-dimensional deposition of Zn. Attributed

1. Introduction

Energy storage technologies have advanced
significantly due to the growing demand
for energy storage devices with high energy
densities. As a result, alternative energy
storage systems (ESS) besides lithium-ion
batteries have piqued research interest.!!]
Among these, aqueous zinc ion batteries
(AZIBs) have received significant attention
lately due to their potential applications
in large-scale energy storage and portable
electronics resulting from their low cost,
high safety rating, eco-friendliness, and
high power density.”) Despite these novel

to these superiorities, the fabricated CuPc-COF @Zn anode demonstrates
excellent cycling lifespan in both symmetrical cell (exceeding 2500 h at

1 mA cm~2) and full cell with different cathodes (more than 3000 cycles at
1 A g'), outperforming most reported zinc anodes with COF-based layers.
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properties, their practical applications
are currently hindered as a result of the
inferior zinc (Zn) anode performance
due to the uncontrollable Zn dendrite
growth evoked by the inhomogeneous Zn
nucleation and the unwanted hydrogen evo-
lution in the aqueous electrolytes. These
reactions induce continuous corrosion,
internal short circuit, and rapid capacity fading accompanied
by the consumption of both electrolyte and active Zn metal,
making the pursuit of durable AZIB anode a formidable
challenge.’! There have been significant efforts in the past
few years to engineer zinc anode devoid of dendrite for-
mation and its accompanying side effects.*] Artificial in-
terfacial engineering is a straightforward and effective ap-
proach for preventing zinc dendrite formation and its negative
effects.l’] A variety of materials including organic polymers,[®]
carbon-based materials,”] metal oxides,!®! metal-organic frame-
works (MOFs),l”) and covalent organic frameworks (COFs)!1l
have been reported as effective protecting materials for Zn
anodes.

Recently, COFs, as an emerging class of crystalline and porous
polymeric material, assembled from light components (C, N, O,
etc.) through strong covalent bonds, are regarded as the potential
candidate for building artificial protective layers of Zn anodes.
COF-based Zn anode protecting layer with a tunable skeleton,
highly ordered and porous structure, and abundant redox-active
groups, allows rapid and exclusive transport of carriers and ac-
celerates the ion transmission kinetics during repeated cycles.!1%
For example, Mi’s group designed a functional vinylene-linked
COF-based interface layer with abundant zincophilic fluorinated
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sites that manipulate the Zn plating/stripping behaviors and
suppress interfacial side reactions simultaneously.['% Benefit-
ing from the tunable structures of COF materials, Zheng’s
group proposed a series of COFs with different Zn?* transport
channels to accelerate the ion transfer kinetics, at the same
time, facilitating rapid diffusion and regulation of homogeneous
Zn** flux.'®! Nonetheless, almost all the reported COF lay-
ers focus on the successful construction of well-ordered chan-
nels, thereby ignoring the delicate design of the COF func-
tional structures, like introducing more zincophilic sites or in-
ert metal ions.['%fl Thus, the inherent shortcomings, such as
low Zn** affinity, side reactions, and serious volume changes
during cycling, have not been ameliorated, and still affect the
cycling stability of Zn anodes to some extent.['%! Placing tran-
sition metal centers into the COF building blocks offers a con-
venient way to significantly tune their structural diversity, mod-
ify their electronic properties, and achieve advanced functional
materials.['!! Such highly conjugated organometallic COF ma-
terials with multi-electron redox chemistry will potentially of-
fer a good avenue toward the Zn?* transmission kinetics due to
their easily adjustable structure and reversible redox processes
that are favorable to the generation of electrical bistate or mul-
tistate. On the other hand, the introduction of inert metal, like
copper (Cu), owing to the strong zincophilicity and inactive na-
ture for hydrogen evolution reaction (HER),!'?] effectively im-
proves Zn** transmission kinetics and alleviates hydrogen evo-
lution and anode corrosion in aqueous electrolytes. It has, there-
fore, become crucial to rationally engineer a metallated COF
protective layer, not only providing ample uniform Zn?* trans-
port channels, abundant redox-active sites, and ultrahigh Zn?*
affinity, but also presenting the excellent inherent adhesion, in-
hibited hydrogen evolution and protective functionality, to pro-
mote the de-solvation of hydrated Zn?*, accelerate the ion trans-
fer kinetics, regulate the Zn-ion flux, and realize dendrite-free
AZIBs.

In this context, a robust COF as a reliable anode protec-
tive layer was delicately designed, in which the 18 electrons
r-conjugated planar compound copper-phthalocyanine (Cu-Pc)
serves as the main building block, the metal-N, coordination
centers, dioxin linkers, and ketone groups in the periodic skele-
tons are regarded as reversible electrochemical redox couples,!'’!
and the central metal Cu possessing strong zincophilicity and in-
ert nature for HER, is expected to effectively inhibit the hydro-
gen evolution and anode corrosion. Moreover, the highly con-
jugated periodic skeletons with rich redox-active sites showed
only a small volumetric deformation after zincation, as confirmed
by the experimental and theoretical studies, thereby maintain-
ing stable chemical properties and structure during the long-
time cycles. With the CuPc-COF as the anode protective layer,
COF@Zn symmetrical cells exhibited an outstanding reversible
capacity (over 99% average Coulombic efficiency), high-rate capa-
bility (5 mAecm=2), and superior long-time cycling performance
for 2500 h (1 mAecm~2); The full cell application with NH,V,0,,
(NHVO) or I, cathodes both delivered good cyclability (89.1% re-
tention ratio after 1000 cycles or 92.9% retention ratio after 3000
cycles), outperforming the most previously reported AZIBs with
COF-based layers and illustrating its potential for practical appli-
cation in Zn-based electrochemical energy storage and conver-
sion devices.
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2. Results and Discussion

The designed dioxin-linked CuPc-COF was synthesized by the
coupling reaction between octahydroxy metal-phthalocyanine
(CuPc(OH)g) and tetrafluoroanthraquinone (TFAQ) in the pres-
ence of potassium carbonate (K,CO;) and dimethylacetamide
(Figure 1a). This was made possible by the multiple redox-active
sites for the confinement and transfer of Zn?*, including the
dioxin, and ketone groups in sp?-carbon conjugated periodic ph-
thalocyanine frameworks (18 delocalized 7z electrons). To evalu-
ate the possibility and feasibility of Zn?* migration in this COF,
density functional theory (DFT) calculations were performed to
simulate the CuPc-COF structures and the Zn plating/stripping
processes.

Based on the electronegativity analysis of CuPc-COF struc-
ture (Figure 1b top), four zincophilic sites were predicted to ac-
commodate Zn?* inside the pores to form a highly symmetric
CuPc-COF-Zn geometry (Figure 1b bottom). The Zn?* ions were
located at the center of the COF pore (site 1); close to the Cu
atom (site 2); adjacent to N (site 3), and O (site 4) atoms labeled
in Figure 1c. Accordingly, the adsorption energies of one Zn**
binded to the different sites of the CuPc-COF periodic unit and
bare Zn plate were calculated by DFT and compared in Figure 1c.
The optimized adsorption structures of Zn?* with bare Zn are
shown in Figure S1 (Supporting Information). Among them,
Zn?* located at sites 3 and 4, possessed the binding energies of
—2.15 and —2.28 eV, respectively, which were much lower than
that of Zn?* located at sites 1, 2, and bare Zn. Thus, the Zn**
preferred to be clamped by the electronegative N and O atoms,
which corresponded to the simulated zincophilic sites of CuPc-
COF pores in electrostatic potential (ESP) analysis based on one
repeat unit. As illustrated in Figure 1b top, the ESP result showed
that the negative charge maxima (red area) were surrounded by
highly electronegative O and N atoms and distributed inside the
tetragonal pore of the CuPc-COF unit, implying suitable Zn?*
accommodation sites. Meanwhile, the ESP result (Figure 1b bot-
tom) of CuPc-COF after zincification revealed that the most neg-
atively charged areas were trapped by all the Zn?*.

The crystalline structures of the products were analyzed by
powder X-ray diffraction (PXRD) in combination with theoreti-
cal structural simulations (Figure 1d—f). The major peaks at 3.5°,
7.1°, 11.0°, and 25.7° agreed well with the (100), (200), (300),
and (001) crystal planes of CuPc-COF, respectively. Based on the
Bragg’s law, the peak at 3.5° indicated a long-range ordered struc-
ture of the ab-plane with a centre-to-centre distance of 25.1 A, and
the broad peak at 25.7° is consistent with an average interlayer
distance of 3.6 A. The periodic DFT calculations on a two-layer
1 x 1 x 2 supercells were performed to obtain the stable struc-
tures and lattice information of AA and AB stacking models. The
free energy data and XRD diffraction patterns were also simu-
lated based on the optimized structures. First, the fully eclipsed
AA-stacking model (Figure 1le) showed lattice parameters a = f
=y=90°a=b=251A4, and c = 3.5 A, and alternative stag-
gered AB-stacking model (Figure 1f) with offset distances showed
lattice parameters a = f =y =90°,a=b =251A, and c =
3.3 A. By comparing the simulated PXRD patterns of the opti-
mized structures with the experimental patterns, the Pawley re-
finement was carried out with the results R, = 2.84% and R,

WP
= 2.14% (Figure 1d, green curve), which is well consistent with
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Figure 1. a) Schematic illustration of the reaction between CuPc(OH)g and TFAQ to form CuPc-COF. Theoretical simulation and schematic illustration
for Zn?* storage in CuPc-COF: b) Mapped electrostatic potential (ESP) diagram of the CuPc-COF and 16Zn-CuPc-COF repetitive units on the van der
Waals surface. The dotted circles represent possible active sites. c) The proposed adsorption energies of Zn>* located on the different sites of CuPc-COF.
Structural characterization of CuPc-COF with dioxin linkages: d) PXRD patterns of CuPc-COF (Experimental result; Pawley refined pattern; Difference;

AA stacking and AB stacking); e) top (top) and side (bottom) views of the AA stacking model; f) top (top) and side (bottom) views of the AB stacking

model; g,h) TEM images and i,j) magnified lattice fringes of CuPc-COF.

the simulated PXRD pattern of AA stacking (Figure 1d, orange
curve). Based on the above results, the thermodynamically sta-
ble conformation of CuPc-COF proved to be an AA stacking ge-
ometry with square cells (a = b =25.1 A, ¢ = 3.5 A). This bulk
COF product presented stacked microscale sheets as illustrated
by the scanning electron microscopy (SEM) images (Figure S2,
Supporting Information). The high-resolution transmission elec-
tron microscopy (HRTEM) showed the distinct lattice fringes
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of the CuPc-COF. The clear lattice spacings of 13.1 and 3.6 A
in Figure 1i,j were identified to be the crystal planes (200) and
(001), respectively, which was well consistent with the simulated
structure in Figure le. The surface areas and porosity of CuPc-
COF were analyzed by N, adsorption/desorption measurements
at 77.3 K (Figure S3, Supporting Information). The Brunauer—
Emmett-Teller (BET) surface area of CuPc-COF was 163 m?eg~!

The pore size distribution revealed that the CuPc-COF possessed
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micropores centered at #3.60 nm, consistent with the simulated
pore diameter shown in Figure le.

A variety of structural characterizations, including solid-state
13C nuclear magnetic resonance (ssNMR) spectroscopy, Fourier
transform infrared spectroscopy (FI-IR), and X-ray photoelec-
tron spectroscopy (XPS) were performed to explore the chemi-
cal structure of CuPc-COF. As illustrated in Figure S4 (Support-
ing Information), the resonance signals in the *C NMR spec-
trum at 180, 145, 127, and 110 ppm can be assigned to C—N,
C=0 groups, carbons on the Pc and phenyl groups, respectively.
Additionally, the FT-IR spectrum (Figure S5, Supporting Infor-
mation) of CuPc-COF showed vibrational bands at ~1050 and
~1300 cm™, corresponding to the characteristic asymmetric and
symmetric stretching modes of dioxin C-O, respectively. More-
over, the overall XPS survey spectrum indicates that the CuPc-
COF contains C, O, N, and Cu, elements (Figure S6, Supporting
Information). The higher solution spectrum (Figure S7, Support-
ing Information) of C 1s evidenced the key groups of C=0, C—O,
C—N, and C=C. The two peaks of the O 1s spectrum can be at-
tributed to the C—O—C bond of dioxin linkages, and the C=0
bond of quinone. These results are consistent with the results
of the FTIR analysis, further confirming that the dioxin-linked
CuPc-COF was successfully synthesized.

Based on the aforementioned results, the synthesized CuPc-
COF served as an artificial protection coating to stabilize the Zn
anode. The CuPc-COF@Zn (denoted as COF@Zn) anodes were
fabricated by doctor casting onto the Zn surface based on CuPc-
COF powder and polyvinylidene fluoride (PVDF) suspension (see
Supporting Information for details). By comparing the morphol-
ogy and surface properties from SEM images (Figure 2a,b), the
COF@Zn electrode depicts a homogeneous and porous surface
with abundant cavities, while the bare Zn anode exhibits a rough
surface full of gills. Besides, the SEM cross-sectional view of the
COF@Zn electrode presents a dense coating with a thickness of
~10 um (Figure 2c). Afterward, the bare Zn and COF@Zn an-
odes were investigated at a high current density of 10 mA cm™
and a capacity of 10 mAh cm~2 and their surface morphology evo-
lution during the constant current plating/stripping cycles was
monitored using optical microscopy. As shown in Figure 2d, the
bare Zn electrode displayed a smooth edge before cycling. After
30 min, the scattered dark Zn nucleus was clearly observed on
the bare Zn surface, and protrusions grew along the edge of the
bare Zn electrode with the extended plating time and finally be-
came “dead Zn”, which evidences uneven Zn plating. In contrast,
there is still no sign of protrusions or Zn dendrite generation of
the COF@Zn electrode, which remains a uniform and compact
surface benefiting from the protection of the COF layer.

Moreover, the linear sweep voltammetry (LSV) measurement
was conducted to compare the hydrogen evolution potentials
of different electrodes in the aqueous electrolyte (2 M ZnSO,).
As shown in Figure 2f, the hydrogen evolution potential of
COF@Zn (—1.14 V) was lower than that of the bare Zn (-1.11V),
indicating an effective HER suppression function of the CuPc-
COF layer. The Coulombic efficiency (CE) of different anodes
was then investigated in asymmetric Zn/Ti cells at 1 mAscm=2
(Figure 2g). For bare Zn/Ti cells, a low CE at the initial cycles’
contours originated from a lattice fitting stage during the plat-
ing/stripping of Zn on Ti substrate and became stable at ~#96%.
After 50 cycles, the CE started to fluctuate tempestuously due to

Adv. Mater. 2025, 37, 2503086 2503086 (4 of 11)

www.advmat.de

the undesirable side reactions caused by inhomogeneous Zn*
flux and short-circuiting.'* In contrast, the COF@Zn/Ti cells
reached an average CE of 99% and retained over 200 cycles, ev-
idencing the successful modulation of Zn deposits and the en-
hanced Zn affinity of the COF@Zn anode as confirmed by the
lower nucleation overpotential (39 mV) of the COF@Zn elec-
trode than that (57 mV) of the bare Zn electrode (Figure 2h).
In addition, the COF@Zn electrodes were further assembled to
evaluate the cyclic performance of symmetrical cells using gal-
vanostatic charge/discharge procedures (Figure 2i). As a contrast,
the Zn symmetrical cells showed a fluctuating overpotential and
encountered an abrupt collapse after 220 h at 1 mAhecm™2 due
to the dendrite-induced short circuit. Benefiting from the engi-
neered CuPc-COF layer, the COF@Zn symmetrical cells main-
tained a superior cycling property for 2500 h. Besides, the in-
hibited voltage hysteresis of COF@Zn symmetrical cells can be
ascribed to the effective function of COF layer on reducing the
local current density.[') More impressively, COF@Zn symmetri-
cal cells also exhibited an enhanced lifespan of more than 250 h
at the large current density of 5 mAecm= (2.5 mAhecm™2) as
shown in Figure 2j. Impressively, the distinguished electrochem-
ical reversibility of COF@Zn anode surpasses the most recently
reported results of AZIBs based on COF-based anode protective
layers (Figure S8, Supporting Information). The comparative re-
sults indicate that the introduction of COF layer could alleviate
interface concentration distribution, reduce Zn deposition bar-
rier, homogenize Zn plating/stripping, and inhibit the dendrite
growth, thus realizing a highly reversible Zn plating/stripping
procedures and remarkably enhanced ion transmission kinetics.

To further investigate the influence of the CuPc-COF layer on
the Zn plating/stripping behavior, the surface morphologies of
bare Zn and COF@Zn anodes were analyzed with SEM obser-
vation after 200 cycles. As shown in Figure 3a,b, numerous ir-
regular flakes on the bare Zn electrode were observed, which
can be ascribed to the uneven Zn deposition and severe side
reactions.’! In contrast, the COF@Zn anode surface was rel-
atively close to its original surface morphology (Figure 2b), and
no vertical Zn deposits or dendrites were observed, indicating the
excellent stability and uniform Zn deposition during the 200 cy-
cles. Furthermore, the XRD of bare Zn and COF@Zn electrodes
after cycling was presented in Figure 3c. As expected, it can be
found that the obvious by-product peak of Zn,SO,(OH),+4H,0
occurred in the cycled Zn anode, implying that the CuPc-COF
layer could effectively inhibit the by-product formation.[**) Mean-
while, the intensity of the Zn (002) plane peak for the COF@Zn
electrode significantly increased after cycling. This indicates that
the CuPc-COF layer guided Zn deposition along the (002) orien-
tation, which is key to achieving flat Zn deposition. Additionally,
the roughness of the different anodes was compared by using
3D super-depth-of-field microscopy (Figure S9, Supporting Infor-
mation). The COF interlayer significantly improved the surface
flatness of the Zn anode, which demonstrates the significant ef-
fectiveness of the COF interlayer in suppressing dendrite growth
and side reactions again.

Accordingly, the desolvation process of Zn(H,0),*" in the dif-
ferent electrode/electrolyte interfaces was studied, as it is com-
monly regarded as the rate-limiting procedure of Zn deposition
due to the strong interaction of Zn?* and the solvent shell.l*”]
The activation energy (E,) was then calculated to evaluate the
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Figure 2. SEM images of the top view of the a) Zn and b) COF@Zn electrodes; c) cross-sectional view of the COF@Zn electrode. In situ optical
visualization observations of Zn plating process on d) bare Zn and e) COF@Zn anodes. f) LSV profiles of Zn and COF@Zn electrodes. g) Coulombic
efficiencies of Zn plating/stripping in Zn/Ti and COF@Zn/Ti cells. h) Nucleation overpotential of Zn and COF@Zn electrodes at 1 mA cm~2. Comparison
of the cycling stability of different symmetry cells at i) T mAecm™2 (1 mAhecm™=2) and j) 5 mAecm=2 (2.5 mAhecm™2).

desolvation capacity of the electrode according to the Arrhenius
equation:

1/R,, = Aexp (=E,/RT) (1)

where R, is the interfacial resistance, A is the frequency factor,
R and T present the gas constant and absolute temperature, re-
spectively. As expected, the COF interphase remarkably reduced
the E, of the Zn anode from 50.05 to 41.82 k] mol~! (Figure
S10, Supporting Information; Figure 3d). It demonstrated that
Zn(H,0)s** tends to bond with the redox groups of COF and
greatly facilitates the desolvation process, profiting from the ra-
tionally designed layer.['#]

Adv. Mater. 2025, 37, 2503086 2503086 (5 of 11)

To understand the influence of the CuPc-COF layer on the
regulation of the Zn deposition environment, the electric field
and Zn** concentration distributions of bare Zn and COF@Zn
electrodes were simulated via the finite element model. Based on
the results in Figure 3e, there is an uneven localized electric field
over the surface of the bare Zn electrode, along with local charge
and Zn?* aggregation. This relates to the inevitable “tip effect”
of pure Zn, which leads to local Zn nucleation and deposition,
ultimately resulting in the formation of Zn dendrites. By compar-
ison, COF@Zn yields a more compact electric field distribution
in a longer-range order along the whole anode surface, which
effectively optimizes the microenvironment at the Zn/electrolyte
interface and inhibits the localized Zn?" concentration
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polarization for dendrite growth. Meanwhile, the Zn?* trans-
ference number (t,,>*) was measured under a constant 10 mV
polarization potential using Electrochemical Impedance Spec-
troscopy (EIS) and voltage-time curves (Figure S11, Supporting
Information). Notably, the t,,** of the COF@Zn anode in-
creased significantly from 0.29 to 0.79 compared to the bare
Zn anode (Figure 3f). It reveals that the COF@Zn structure
with uniform transfer channels could accelerate the decoupling
of Zn?*, provide sufficient Zn?* for subsequent diffusion and
nucleation, and induce a low-resistance pathway.

Considering the improved interfacial Zn deposition on CuPc-
COF and suppressed side reactions, the anti-corrosion property
of COF@Zn anode was investigated. As depicted in Figure 2f,
the lower HER overpotential of COF@Zn (—1.14 V) indicates
the HER inhibition property of CuPc-COF. Meanwhile, the Tafel
plots in Figure S12 (Supporting Information) showed that the
corrosion potential of COF@Zn slightly shifted toward the posi-
tive side, representing a good anticorrosion property of the CuPc-
COF coating. In addition, the wettability of the electrode surfaces
is an important factor that strongly affects the corrosion and HER
behavior. As shown in Figure S13 (Supporting Information), the
COF@Zn electrode exhibited an enhanced hydrophobicity with
a contact angle of 129.2° in comparison to that of the bare Zn sur-
face (97.5°), indicating the ability of the hydrophobic COF layer to
hinder free-water access to the inner Helmholtz plane of the elec-
trode, thus restricting the decomposition of water and the sub-
sequent corrosion and HER processes.['?! To deeply explore the
mechanism of CuPc-COF in the Zn plating process, density func-
tional theory (DFT) calculations were performed to determine
the Gibbs free energy of the HER for CuPc-COF and bare Zn
(Figure 3g). The calculated free energy of hydrogen adsorption
(AGy.) value of CuPc-COF is 2.65 eV, which is higher than that
for the bare Zn (1.15 eV), further corroborating the suppressed
HER for CuPc-COF, in line with the aforementioned findings.
From the above analysis, it can be concluded that the CuPc-COF
protective layer can greatly inhibit the side reactions (corrosion
and H, evolution) at the anode/electrolyte interface.

To gain a deeper insight into the mechanism for the sta-
bilization and limitation of Zn?* flux by CuPc-COF layer, the
state-of-zincification-dependent samples were analyzed by ex
situ FT-IR, in situ Raman, and XPS techniques to investigate
the migration-controlled Zn?* behaviors during the zincifica-
tion/dezincification processes. As shown in Figure 3h,i, when
discharged to 0 V for zincification, the observed peak for C=0
(21673 cm™!) became attenuated and broadened with an iden-
tifiable shift, and the signal for C=N (%1518 cm™!) decreased,
suggesting the coordination of C=0 and C=N with Zn?* dur-
ing zincification. The signals of C=0 and C=N groups became
strong again when charged to 1.8 V revealing the successful dez-
incification and both C=0 and C=N groups in the skeleton were

www.advmat.de

reversible for Zn?* storage. On the other hand, the zincification
process caused the deviation of O and N atoms from the conju-
gated COF skeleton, resulting in the intensity enhancement of
C=C groups, thereby the signals of C=C groups (~1560 cm™!)
performed conversely with that of the C=0 and C=N groups.
Furthermore, this FT-IR analysis exhibited the controlled chemi-
cal functionalization of multiple redox-active sites in the CuPc-
COF for Zn** storage, matching well with the theoretical re-
sults. In addition, in situ Raman spectro-electrochemistry was
performed to monitor the chemical structure variation of CuPc-
COF during the simulated Zn plating and stripping processes,
and the results are shown in Figure 3j. First, the Raman spec-
trum of CuPc-COF is featured by two major bands of D (1333
cm™) and G (1529 cm™). The periodic evolution of D and G
bands illustrates the change of the molecular vibration during
the (de-)insertion of Zn?*+.12% The value of I}/ I, is calculated and
summarized in Figure S14 (Supporting Information), in which
Iy /I increased during the Zn?* intercalation process and recov-
ered during the deintercalation process. The recovery of the value
I, /I after one cycle indicates the structural stability of the COF
and the reversible interaction between CuPc-COF and Zn?* dur-
ing the electrochemical process.[?!) In addition, a stable peak at
977 cm™! maintained during the charging/discharging process
should be ascribed to the adsorption of SO,~,12%) which is con-
firmed by comparing the initial CuPc-COF with that immersed
in 2 M ZnSO, electrolyte. In Figure S15 (Supporting Informa-
tion), a new peak at 977 cm™! appeared when CuPc-COF was in
contact with the ZnSO, electrolyte. Moreover, another new peak
at 401 cm™! appeared only when CuPc-COF was in the charged
state (—0.7 V), but not immersed in ZnSO, electrolyte, which
is assigned to the formation of Zn-O during the simulated Zn
plating process.??] Simultaneously, a disappearing/reappearing
weak peak at 1458 cm™! revealed the evolution of the C—O bond,
further verifying the Zn** intercalation and deintercalation pro-
cess with C-O groups.?'! Furthermore, XPS analysis was per-
formed on the COF@Zn electrode before and after cycling 200
times (Figure S16, Supporting Information). In the pristine elec-
trode, a low trace of Zn was detected in the Zn 2p XPS spec-
trum, as the existence of the Zn substrate. After cycling, two
characteristic peaks were detected at 1044.6 and 1021.6 eV, corre-
sponding to Zn 2p, , and Zn 2p, ,, respectively.’} Significantly,
these peaks are attributed to the adsorbed Zn?* on the COF@Zn
anode surface,'®! which implies its robust coordination effect
with Zn?* during the discharge/charge cycles. Meanwhile, the
attenuated peaks observed in the Cu 2p spectra of COF@Zn af-
ter cycling show that the minor Cu element almost disappears
from the cycled COF@Zn surface, further confirming its strong
zincophilicity.

To fully understand the migration behavior of Zn?** in the COF
layer, two probable migration routes for Zn?* transport in the

Figure 3. SEM images of a) Zn and b) COF@Zn electrodes after 200 cycles. c) XRD patterns of cycled Zn and COF@Zn electrodes. d) Arrhenius curves
and activation energy comparison of Zn and COF@Zn electrodes. e) Electric field distribution of electrolyte for Zn and COF@Zn electrodes during Zn
deposition (unit: molecm™3). f) Zn?* transference number of Zn and COF@Zn electrodes. g) DFT calculations to study the AG;« of HER for CuPc-COF
and bare Zn. h) Charge/discharge profiles of COF@Zn electrode during the Zn plating/stripping process. i) Ex situ FT-IR spectrum analysis of CuPc-COF
at different zincification/dezincification states. j) In situ Raman spectra (784 nm excited) of CuPc-COF during the charging/discharging process. k) The
possible Zn?* migration pathways (top: planar, bottom: axial) on CuPc-COF. I) The calculated migration energy barriers of Zn?* along the CuPc-COF
and bare Zn (IS: initial state; TS: transition state; FS: final state). m) The Gibbs energy change (AG) of the zincification process for Zn?* coordinated
CuPc-COF. n) Schematic Zn deposition behaviors on Zn and COF@Zn electrodes.
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CuPc-COF were simulated, and their corresponding migration
barriers are shown in Figure 3k 1. The two pathways are expressed
as planar and axial routes, respectively. The Zn?* migration in
the Zn plate was also studied as a control (Figure S17, Support-
ing Information). The migration barrier of Zn** along the planar
orientation is 0.09 eV, which is lower than the migration barrier
along the axial orientation of 1.45 eV and that of the Zn plate
(0.544 eV). By comparing the Zn?* migration energy barriers in
Figure 31, the Zn?* prefers to migrate through the planar direc-
tion, which implies that the planar configuration of CuPc-COF
is more favorable for enhancing Zn** planar migration. Espe-
cially, the abundant redox sites and uniform pores in the COF
skeleton could regulate the localized coordination environment
of Zn?*, further accelerating the Zn** diffusion kinetics with
even Zn?* flux. Moreover, the charge density difference distribu-
tion of CuPc-COF adsorbed with 16 Zn** in Figure S18 (Support-
ing Information) also reveals the unbalanced charge distribution
between zincophilic sites and Zn?*, corroborating a liable trans-
fer of electrons from the absorbed Zn?* to the CuPc-COF layer.

Based on the experimental results and theoretical DFT cal-
culations, each unit cell of CuPc-COF can accommodate a
maximum of 16 Zn?*, and accordingly, the reversible zincifi-
cation/dezincification processes are simulated step by step in
Figure S19 (Supporting Information), and the corresponding
Gibbs free energy of the optimized repetitive Zn-CuPc-COF units
isillustrated in Figure 3m. In the simulated plating and stripping
processes, the highly symmetric CuPc-COF-Zn geometry could
accommodate Zn ions step by step (Figure S19, Supporting Infor-
mation): first, the four corners of the pores are successively occu-
pied by the eight Zn?* close to N atoms with the distance of 2.75
A, with the different binding energies of —2.64 and —2.57 eV per
Zn?* for steps 1 and 2, respectively. Accordingly, another eight
Zn?* can be binded to the O atoms of ketone groups, with the
different binding energies of —1.70 and —1.69 eV per Zn?>* for
steps 3 and 4, respectively. After the plating process, the pore
size of simulated CuPc-COF-16 Zn geometry decreased from
11.24 A to 11.01 A, indicating that the pore structure and pla-
narity of CuPc-COF are well maintained. It suggests that CuPc-
COF has a small volumetric deformation after Zn plating, which
would be beneficial for ensuring electrode stability during re-
peated intercalation/deintercalation of the Zn?* flux. This dis-
charging procedure could be divided into four stages, namely,
CuPc-COF+4Zn*, CuPc-COF+8Zn*", CuPc-COF+12Zn**, and
CuPc-COF+16Zn?* (Figure 3m). Specifically, the Gibbs energy
change of CuPc-COF gradually decreased along with the in-
creased Zn?* coordinated in CuPc-COF.

Furthermore, the nucleation mechanism of Zn%* was investi-
gated by chronoamperometry (Figure S20, Supporting Informa-
tion). The current time curve can sensitively reflect the nucleation
process of Zn. For the bare Zn electrode, the current density de-
creased after 30 s under 200 mV, indicating the two-dimensional
diffusion behavior of Zn”* on the surface and rough Zn deposi-
tion. However, under the same potential, the current density of
the COF@Zn electrode decreased rapidly and remained within
5s, revealing a stable three-dimensional Zn?** diffusion on the
COF@Zn surface. This points out that the ketonic carbonyl of
the COF framework coordinates with Zn?*, leading to the ad-
ditional extra energy consumption of the movement of Zn** in
the horizontal direction and effectively restraining the diffusion
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of Zn?* Y which also matched with the theoretical calculation
about migration barriers. In contrast, the Cu active sites of the
COF layer serve as heterogeneous seeds for uniform Zn nucle-
ation and when combined with the ion sieving channels pro-
vide continual regulation for dendrite-free Zn deposition. Thus,
the COF@Zn electrode owing to the protective COF layer re-
mains a uniform and compact surface without obvious dendrites.
It strongly demonstrated that the nanoscale cavities and the ad-
justed charge distribution on the COF layer can induce even Zn
plating toward the electrode, thereby effectively restraining the
Zn dendrite formation and growth.

Based on the above discussion, the Zn deposition process on
two different electrodes can be summarized in Figure 3n. Be-
cause of the rough surface of the bare Zn foil, Zn?** is prefer-
ably nucleated at the protrusion to form dendritic Zn. Conversely,
the unique porous structures of the COF layer provided a short
and straightforward Zn** diffusion pathway, thus endowing the
facile access of Zn?* toward the ketonic carbonyl and Cu ac-
tive sites. Meanwhile, the Cu-based COF @Zn layer presented an
inert nature for HER, effectively alleviating hydrogen evolution
and anode corrosion in aqueous electrolytes. Thus, the COF@Zn
anode enabled strong Zn?* modulation behavior from the ini-
tial nucleation to the subsequent mass-transfer processes. This
may lead to subsequent uniform galvanization in the COF cav-
ity with a smooth, dendrite-free zinc plating morphology. The
unique porous character, robust structure, and low volumetric ex-
pansion during zincification/dezincification facilitate the active
sites of COF @Zn anode highly accessible to achieve rapid and re-
versible Zn deposition/stripping. Additionally, CuPc-COF served
as the inhibitor to eliminate the hydrogen evolution side reac-
tions, could realize the excellent cycling lifespan. Equally impor-
tantly, the robust structure, electrolyte insolubility, and low vol-
umetric expansion during zincification/dezincification also en-
sure a reliable electrode for stable Zn** storage.

To explore the feasibility of as-prepared anode for practi-
cal application, the electrochemical performance of Zn/NHVO
full cell with COF@Zn anode was evaluated as schematically
shown in Figure 4a. The cyclic voltammetry (CV) curves of
COF@Zn/NHVO and Zn/NHVO cells presented similar redox
peaks, indicating the identical Zn?** deintercalation and interca-
lation processes (Figure 4b). Compared to a Zn/NHVO cell, the
redox peaks of COF@Zn/NHVO cell delivered a smaller poten-
tial shift, exhibiting the accelerated ion transmission kinetics to
regulate the Zn?* migration behavior. Nyquist plots of these two
full cells using different anodes are also provided (Figure 4c).
The smaller charge-transfer resistance (R,) of COF@Zn/NHVO
cell (69 Q) than that of the bare Zn (106 Q) implied the acceler-
ated Zn** migration process. Additionally, the charge/discharge
curves under current density of 0.2 Aeg™' (Figure S21a, Sup-
porting Information) further confirmed the significantly im-
proved interface kinetics in the COF@Zn/NHVO cell. Accord-
ingly, their rate performance under current densities ranging
from 0.5 to 2.0 Aeg™! was compared (Figure 4d). Specifically,
the COF@Zn/NHVO cell delivered enhanced rate capacities,
where the specific capacities at 0.5, 0.8, 1, and 2.0 Aeg™! were
279, 241, 201, and 143 mAheg~!, respectively. The correspond-
ing charge/discharge curves are shown in Figure S21b (Support-
ing Information). Finally, the long-term stability of a full cell un-
der a high current density of 1 Aeg~! was performed (Figure 4e).
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Figure 4. a) Schematic illustration of the COF@Zn/NHVO full cell. b) CV curves, c) Nyquist plots, d) rate performance and e) cycling performance of
Zn/NHVO and COF@Zn/NHVO full cells. f) The Nyquist plots of Zn/l, and COF@Zn/I, full cells. The Galvanostatic Intermittent Titration Technique
(GITT) curve and ionic diffusion coefficient of gy COF@Zn/I, and h) Zn/l, full cells. i) The CV curves of the Zn/l, and COF@Zn/I, full cells with the
scan rate of 1 mV s~1.j) The cycling performance of the Zn/l, and COF@Zn/I, full cells.

The Zn/NHVO cell delivered an initial capacity of 201 mAheg™,
with a superior capacity retention ratio of 89.1% after 1000 cy-
cles. Overall, the above results strongly confirm the practical ap-
plicability of the COF@Zn anode in COF@Zn/NHVO full cells.
The robust ion-modulating structure of the COF layer signifi-
cantly enhances the cycle life and capacity retention of the bat-
tery, outperforming other conventional modified anodes in the
previous literature papers, as illustrated in Table S1 (Supporting
Information).!]

Adv. Mater. 2025, 37, 2503086 2503086 (9 of 11)

The Zn/1, full cell was further constructed using the COF@Zn
anode in conjunction with the iodine cathode for electrochemi-
cal testing. As displayed in Figure 4f, the R, value decreased from
142 to 93 Q after the application of the COF layer, indicating the
enhanced charge transfer kinetics. Besides, the COF@Zn/I, cell
presented larger Zn** diffusion coefficient (1.29 x 1071 cm?- 57!
vs 8.44 x 1072 cm? s7') than the Zn/I, cell arising from im-
proved reaction kinetics for the COF@Zn anode (Figure 4g,h).[2¢]
The CV profiles of the COF@Zn/1, cell also delivered broader
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reversible redox peaks than those of the Zn/I, cell, indicating
higher electrochemical activity due to the increased active sites
for redox reactions and ion intercalation/deintercalation pro-
cesses (Figure 4i).[7 As shown in Figure S22 (Supporting Infor-
mation), the Zn/I, cell with the COF@Zn anode demonstrated
an initial discharge capacity of 212.3 mAh-g~! at 1 A-g”!, sur-
passing that of the bare Zn anode (198.9 mAh-g~'). The charge—
discharge curve of COF@Zn anode showed a reduced polariza-
tion gap compared to the bare Zn anode, indicating faster re-
action kinetics. More impressively, compared with the severe
capacity decay of the bare Zn anode within 500 cycles, the
COF@Zn anode achieved a capacity retention of 92.9% after 3000
cycles, demonstrating enhanced reversibility and cycle stability
(Figure 4j).

3. Conclusion

In conclusion, we proposed a highly conjugated robust CuPc-
COF with customized Zn?" migration channels and HER-inert
metal center (Cu®*) for the Zn anode protective layer. Benefit-
ing from the precisely designed structures, this CuPc-COF effec-
tively promotes the de-solvation of hydrated Zn?*, accelerates the
ion transfer kinetics, and regulates the Zn?* flux, simultaneously
inhibiting the zinc dendrites and hydrogen evolution side reac-
tions. As a result, the COF@Zn electrode delivers excellent elec-
trochemical behaviors including outstanding reversible capacity
(over 99% in average Coulombic efficiency), high-rate capability
(5 mAecm™2), superior cycling stability of 2500 h for the symmet-
ric cell at 1 mAecm2, accelerated the ion transmission kinetics,
and preeminent cyclability (1000 cycles at 1 Aeg=! and 3000 cy-
cles at 1 Aeg™!) of full cells paired with NHVO cathode and 1,
cathode, respectively. In summary, the rational molecular design
of CuPc-COF protective layer provides a promising modulation
strategy for directional Zn deposition and opens a new avenue
of metallated COF materials for dendrite-free Zn anodes in long-
term AZIBs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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