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Dendrite growth of zinc (Zn) anode at high current density severely affects the fast-charging performance
of aqueous zinc metal batteries (AZMBs). While interfacial modification strategies can optimize Zn per-
formance, challenges such as complicated preparation processes, excessive layer thicknesses, and high
voltage hysteresis should be addressed. Herein, we utilize a cost-effective liquid fluorosiloxane, (3,3,3-
trifluoropropyl)trimethoxysilane, for scalable modification of Zn foil via drop-casting at room tempera-
ture, resulting in an ultra-thin interphase layer of only 20 nm. The Si-O-Zn bonds formed between flu-
orosiloxane and Zn ensure interfacial stability, and the Si-O-Si bonds between fluorosiloxane molecules
help to homogenize the electric field distribution. Additionally, the abundant highly electronegative flu-
orine atoms on the anode surface act as zincophilic sites, promoting the uniform deposition of Zn?*.
Thus, the modified Zn foil (SiFO-Zn) exhibits excellent dendrite suppression, reduced voltage hysteresis,
and prolonged cycle life at ultra-high current density (40 mA/cm?), achieving a cumulative areal capac-
ity of 12.9 Ah/cm?. Further, the full cell assembled with 10 um-thick SiFO-Zn anode and MnO, cathode
achieves 2600 cycles at 5 A/g with minimal capacity degradation, and a large-size (22.5 cm~2) pouch cell
powers the light-emitting diode even after reverse bending, demonstrating the potential of AZMBs for
fast-charging flexible devices.

Keywords:

Siloxane

High current density
Zinc dendrite
Fast-charging
Flexible device

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The large-scale application of clean and renewable energy has
derived an urgent need for high-performance and low-cost energy
storage systems [1-3]. Under this background, aqueous zinc metal
batteries (AZMBs) have re-entered the field of vision by virtue of
the high abundance and volumetric capacity (5855 mAh/cm3) of
zinc (Zn) anode, as well as the high safety and ionic conductivity of
aqueous electrolytes, showing promising application prospects in
the field of fast-charging and flexible devices [4-7]. However, the
phenomenon of “savage growth” of Zn dendrites under high cur-
rent density has been widely reported [8-13]. Achieving a break-
through in Zn anode performance is a prerequisite for AZMBs to
play a role in high-power electronic devices.

It has been reported that the Zn deposition morphology at
high current density is dominated by the mass transfer process
[14]. Specifically, more Zn2* struggles to be transported to the fast
Zn2*-consuming anode surface, creating concentration polarization
that drives inhomogeneous deposition at the interface, ultimately
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leading to rampant Zn dendrites. Numerous strategies have been
developed for the optimization of Zn anode, among which the in-
corporation of electrolyte additives (glucose [15], silicon nanopar-
ticles [16]) and three-dimensional structural design of the anode
(Cu foam [17], Zn micromesh [18]) are effective in improving the
deposition morphology. However, the current parameters tested
in these reports are typically <5mA/cm?, and these optimization
strategies may fail at higher current densities.

The interfacial modification strategy demonstrates a more pro-
nounced effect at high current density [19,20]. The reported inter-
phase layers for Zn anode usually contain highly electronegative
elements such as fluorine (F), phosphorus (P) and nitrogen (N) [21-
24], which act as zincophilic sites to induce homogeneous nucle-
ation of Zn?*, and form a flat and dense deposition morphology
at current densities up to 10mA/cm? (such as FCOF [25], fluori-
nated graphite [26], Ca5(PO4)3F [27], and C3H{3NOgP3 [28]). Yet,
the accompanied issues such as complicated preparation processes,
excessive layer thicknesses (um level), and high voltage hystere-
sis are inevitable. More recently, it has been reported that highly
(002)-oriented Zn anodes can be obtained on various substrates
by applying extremely high current density (>80 mA/cm?) in the
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electroplating bath where the mass transfer limitation process is
considerably weakened, and such Zn anodes can be cycled at cur-
rent densities up to 20mA/cm? [29,30]. Nevertheless, the large
consumption of electrolyte and the energy consumption from the
electroplating process may increase the manufacturing cost of
AZMBs. Overall, it is urgent to find a more economical and feasible
interfacial modification strategy for Zn anodes.

Siloxane is a class of organic molecules commonly used in
metal surface treatment, which can form interphase layer on
hydroxyl-rich metal surface through self-assembly (i.e., hydroly-
sis) [31-33]. Siloxane molecules are cost-effective, environmentally
friendly, non-toxic, diverse, and highly structurally designable. Up
to now, the most commonly used NH,-containing siloxane in in-
dustry, (3-aminopropyl)triethoxysilane, has been applied to modify
Zn anode. For instance, Kim et al. obtained a hydrophilic polysilox-
ane layer with a thickness of 500 nm by first soaking the Zn foil in
an ethanol/water/siloxane solution with a volume ratio of 95:5:5 at
pH 4, followed by drying and thermal curing [34], while Qian et al.
obtained a hydrophobic layer with a thickness of 3.5pm by vary-
ing the hydrolysis pH to 11 [35]. The Zn foils acquired above were
able to cycle for 600h (5 mAh/cm?) and 300h (10 mAh/cm?) at
a current density of 20 mA/cm?, respectively, demonstrating com-
petitive performance. In addition, Zhong et al. constructed a water-
glass interphase layer with a thickness of 4um, revealing the im-
portant role of Si-O functional groups in homogenizing the electric
field distribution and inhibiting the growth of dendrites [36]. Still,
the defects of common interfacial modification strategies, such as
preparation issues and layer thickness, are not completely avoided.
Whether AZMBs can exhibit excellent performance at even higher
current densities deserves further investigation as well.

Herein, an inexpensive liquid fluorosiloxane, (3,3,3-
trifluoropropyl)trimethoxysilane, is chosen for the modification of
Zn foil. Unlike the conventional dip-coating followed by thermal
curing, a direct drop-casting preparation method is adopted.
Specifically, the fluorosiloxane is dropwise added to the O,
plasma-treated Zn foil, which is then placed in an environment
with 25°C and 65%RH for 48h. After being deliquesced by the
moisture in air, the siloxane eventually forms an ultra-thin inter-
phase layer of only 20nm on the Zn surface, thus avoiding the
excessive introduction of inactive substances. In the interphase
layer, the formation of Si-O-Zn bonds can ensure the interfacial
stability, the uniformly formed Si-O-Si network can facilitate the
uniform electric field distribution, and the F atoms, with higher
electronegativity than N atoms, can act as zincophilic sites to guide
the homogeneous Zn2* deposition. Accordingly, the modified Zn
foil (SiFO-Zn) achieves 1290 cycles at ultra-high current density
of 40mA/cm?, with a cumulative areal capacity of 12.9 Ah/cm?.
When 10 pm-thick SiFO-Zn anode is matched with MnO, cathode,
the full cell exhibits an excellent lifespan of 2600 cycles at 5
A/g (corresponding to a high current density of 17.5mA/cm? for
the anode) with minimal capacity degradation observed. Further
matched with a higher mass-loading MnO, cathode (6.25 mg/cm?),
the assembled flexible large-size (22.5cm~2) pouch cell not only
lights up the light-emitting diode (LED) after reverse bending, but
also exhibits excellent cycling performance at 1 A/g. In conclusion,
the industrially available and inexpensive fluorosiloxane can easily
achieve scalable modification of Zn foil, which exhibits superior
dendrite suppression at high current densities, paving the way for
the development of fast-charging flexible AZMBs.

The preparation process of SiFO-Zn anode is shown in Fig. 1a.
The field emission scanning electron microscopy (FESEM) image
of SiFO-Zn and the corresponding energy dispersive spectrometer
(EDS) images of Zn, F, Si, O, and C confirm the homogeneous distri-
bution of (3,3,3-trifluoropropyl)trimethoxysilane molecules on the
Zn foil surface, as shown in Figs. 1b-e and Fig. S1 (Supporting
information). Encouragingly, (3,3,3-trifluoropropyl)trimethoxysilane

Chinese Chemical Letters 35 (2024) 110025

is inexpensive with a cost of only 5.5 RMB/kg, permitting rapid
and scalable modification of Zn, with the distinct advantages of
low energy consumption for the preparation process and homo-
geneous distribution for the interphase layer. Unlike reported in-
terphase layers of Zn foil with excessive thicknesses of 2-10pum,
which lead to a significant loss of battery energy density, the
room-temperature reaction conditions and trace moisture environ-
ments in this work allow the fluorosiloxane to undergo a lower
degree of hydrolysis and condensation reactions, resulting in a re-
duced coating thickness. The fluorosiloxane interphase layer can be
observed in the cross-sectional SEM image, as shown in Fig. 1f. The
atomic force microscopy (AFM) image reveals its exact thickness of
only 20 nm (Fig. 1g).

In order to reveal the formation mechanism of the interphase
layer, the contact angle tester was first employed to characterize
the changes in Zn hydrophilicity. As shown in Fig. 1h, the bare
Zn foil is relative hydrophobic with a contact angle of 94.2°. The
subsequent O, plasma treatment leads to the enrichment of hy-
droxyl groups on the Zn surface, as evidenced by the increase in
the intensity of the O-H stretching vibration at 3470 cm~! (Fig. 1i)
[37]. Therefore, the hydrophilicity of Zn foil is enhanced [38] and
the contact angle is reduced to 49.4°, promoting the condensation
reaction between fluorosiloxane and Zn. As for SiFO-Zn, stretch-
ing vibration peaks of CH3, CH,, Si-O-C and CF3 appear at 2950,
2926, 1081 and 1038 cm~!, respectively, preliminarily indicating
the presence of fluorosiloxane molecules on the Zn foil surface
[39]. Meanwhile, the contact angle of SiFO-Zn is 85.4°, demon-
strating that the trifluoromethyl groups in the molecules are con-
ducive to increasing the hydrophobicity of the electrode. The above
Fourier transform infrared (FTIR) result of SiFO-Zn is corroborated
by the Raman spectrum (Fig. S2 in Supporting information). Specif-
ically, the Si-O-H and H,0 Raman peaks confirm the hydrolysis re-
action of fluorosiloxane on the electrode [40,41], with the obser-
vation of Si-O-C and CF3 vibrations hindered by the weak Raman
signal. Subsequently, X-ray photoelectron spectrometer (XPS) was
employed to further investigate the interfacial properties of SiFO-
Zn (Figs. 1j-m and Fig. S3 in Supporting information). The overall
XPS spectrum and the CF3 bond peaks in the C 1s and F 1s spectra
(with binding energies of 293 eV and 688.6 eV, respectively) indi-
cate the existence of fluorosiloxane, consistent with the aforemen-
tioned conclusions [42]. Notably, the peaks with binding energies
of 531.8eV and 102 eV in the O 1s and Si 2p spectra are attributed
to Si-O-Zn bonds [35], confirming the covalent bonding interac-
tions between fluorosiloxane and hydroxylated Zn surface, which
is beneficial for improving the interfacial stability. Meanwhile, the
Si-O peaks with binding energies of 103.2eV (Si 2p) and 532.9eV
(O 1s) can be assigned to Si-O-Si, Si-O-C, and Si-O-H bonds due to
the incomplete hydrolysis and intermolecular condensation reac-
tions of the molecules [37,43,44], contributing to the even electric
field distribution as demonstrated in the previous reports [36]. In
summary, the formation process of the fluorosiloxane interphase
layer on Zn surface is illustrated in Fig. 2a.

As mentioned above, the fluorosiloxane interphase layer fea-
tures abundant F atoms and uniformly distributed Si-O-Si and Si-
0-Zn bonds, which may benefit for SiFO-Zn to inhibit dendrites
at high current density. Under this premise, the chronoampero-
metric (CA) tests were conducted on symmetric cells. The nucle-
ation and growth processes of Zn2* on bare Zn, treated Zn, and
SiFO-Zn anodes were reflected by the corresponding I-t curves.
As depicted in Fig. 3a, the bare Zn undergoes a prolonged two-
dimensional (2D) diffusion process with an increase in current
density for nearly 1755, during which Zn%* continuously diffuses
to the high-potential sites on the electrode surface, inducing ram-
pant Zn dendrites [2,13,45]. In contrast, the uniform distribution of
Si-O-Si eliminates the high-potential sites on the SiFO-Zn surface,
the F atoms induce direct nucleation at the Zn%* adsorption site,
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Fig. 1. (a) The preparation process of SiFO-Zn anode. (b) Surface SEM image of SiFO-Zn and the corresponding (c) Zn, (d) F and (e) Si EDS images. (f) Cross-sectional SEM
image of SiFO-Zn. (g) AFM 3D height image of the fluorosiloxane interphase layer with a scanning area of 2.5um x 2.5um. (h) Contact angle (using 2 mol/L ZnSO,4 electrolyte)
and (i) FTIR tests for bare Zn, treated Zn and SiFO-Zn. (j) Overall XPS spectrum of SiFO-Zn and the corresponding (k) C 1s, (1) O 1s and (m) Si 2p spectra.

and the Si-O-Zn bonds guarantee the interfacial stability. Under
this circumstance, the symmetric cell assembled with SiFO-Zn ex-
hibits a shortened 2D diffusion process (115s), and a prolonged cy-
cle life at 5 mAh/cm? and 10 mA/cm? (910 h for SiFO-Zn vs. 90 h for
Zn, Fig. 3b). The treated Zn exhibits the shortest 2D diffusion pro-
cess of only 44s, due to the introduced hydroxyl groups that favor
the wetting of the electrolyte and the uniform dispersion of Zn%*+
at the interface [46]. However, the resulting excessive hydrophilic-
ity of the anode leads to severe side reactions, such as corrosion
and hydrogen evolution [19]. Therefore, the symmetric cell suffers
from drastic polarization fluctuations during cycling, which indi-
cates an unstable Zn deposition and dissolution process, ultimately
resulting in an unsatisfactory cycle life (65 h).

Furthermore, the electrochemical impedance spectroscopy (EIS)
curves of symmetric cells assembled with bare Zn, treated Zn, and
SiFO-Zn were tested before and after 10 cycles at 0.5 mAh/cm?
and 10mA/cm2. As shown in Fig. S4 (Supporting information), the
symmetric cell assembled with treated Zn demonstrates the low-
est initial charge transfer resistance (Rq:) of 52.1 Q. After cycling,
the R increases dramatically to 183.7 2 and the curves show two
electrochemical interphases, as a result of by-product generation
caused by excessive hydrophilicity of treated Zn [13,47]. In the case
of SiFO-Zn||SiFO-Zn and Zn||Zn symmetric cells, the R of SiFO-
Zn||SiFO-Zn is lower both before and after cycling (before cycling:

55 Q vs. 76.9 Q; after cycling: 164.4 Q vs. 199 ), indicating its
superior charge transfer kinetics [48]. The specific fitting data of
Rt is given in Table S1 (Supporting information). In addition, the
contact angles of bare Zn, treated Zn, and SiFO-Zn after cycling are
shown in Fig. S5 (Supporting information).

To investigate the chemical composition changes of SiFO-Zn af-
ter cycling, the XPS, FTIR and Raman spectra were tested. As shown
in Fig. S6 (Supporting information), due to the repeated deposi-
tion/stripping of Zn, the intensity of Zn 2p,;, and 2p;;, peaks in-
creases significantly, with a decrease in binding energy [16,35].
Moreover, the CF3 bond peaks almost disappear in the overall XPS
and F 1s spectra, with no presence in C 1s spectrum. As the men-
tioned role of F atoms in inducing Zn?t deposition, the disappear-
ance of the peaks could be a result of the deposited Zn covering
F-atom sites and reducing the signal intensity of CFs. Besides, ow-
ing to the complete hydrolysis of Si-O-C, the C-O peak disappears
in the C 1s spectrum, and the binding energies of Si-O peaks in
the O 1s and Si 2p spectra decrease, whereas the Si-O-Zn bond
peaks still exist, indicating high interfacial stability between fluo-
rosiloxane and Zn [49]. The results of FTIR and Raman tests (Fig. S7
in Supporting information) are in agreement with the above XPS
findings, verifying the conclusions of the CA test.

To further assess the dendrite inhibition effect of the flu-
orosiloxane interphase layer, the surface morphologies of bare
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Fig. 2. Schematic diagrams of (a) the formation process of fluorosiloxane interphase layer on Zn and (b) the Zn?* deposition process on SiFO-Zn and bare Zn.

Zn and SiFO-Zn anodes were observed after Zn deposition at
10mA/cm? for 30 min. AFM 3D height image (Fig. 3c) shows the
appearance of distinct "tips" on the bare Zn surface after deposi-
tion of 5mAh/cm?2, which may deteriorate and eventually pierce
the separator. The SEM image of bare Zn (Fig. 3d) also demon-
strates numerous sword-like Zn dendrites. On the contrary, the
AFM image of SiFO-Zn (Fig. 3e) exhibits a dense and flat morphol-
ogy, and the SEM image (Fig. 3f) shows small-sized Zn flakes with
a horizontal orientation, possibly due to fluorosiloxane-induced
Zn?t growth along the (002) plane, facilitating the long-term bat-
tery cycling [25,50,51]. To visualize the deposition process of Zn%*
on the anode, the in-situ observation was adopted with a test cur-
rent density of 20mA/cm?2. As shown in Fig. 3g, the cross-section
of bare Zn becomes quite rugged within 30 min due to the gener-
ation of Zn dendrites, and bubbles gradually accumulate at the in-
terface. Notably, the deposition layer on SiFO-Zn remains flat and
dense throughout the monitoring period, consistent with the AFM
and SEM images. The high zincophilicity of the fluorosiloxane in-
terphase layer significantly reduces the nucleation overpotential of
the electrode (Fig. S8 in Supporting information) [52,53]. In conclu-
sion, unlike bare Zn, SiFO-Zn can regulate Zn?* flux, induce hor-
izontal Zn2* deposition and reduce nucleation overpotential (Fig.
2b), offering the potential for excellent battery performance at high
current density.

We then tested the long-term cycling performance of SiFO-
Zn at a high current density of 20 mA/cm?2. Excitingly, the SiFO-
Zn||SiFO-Zn symmetric cell undergoes 22,300 cycles (2600 h) with-
out fluctuations in polarization, with a cumulative capacity of 22.3
Ah/cm? (Fig. S9a in Supporting information). Balancing high ca-
pacity while achieving stable cycling at high current density is
critical for the commercial application of AZMBs [54-56]. Thus,
we further increased the discharge capacity to 10 mAh/cm? and

the current density to 40mA/cm?2. As shown in Fig. 4a, the SiFO-
Zn||SiFO-Zn symmetric cell exhibits a considerably longer cycle
life (660h) in comparison to the Zn||Zn symmetric cell (11h),
with a depth of discharge (DOD) up to 17.1% and a cumula-
tive capacity up to 12.9 Ah/cm?2, exceeding most reports (Fig. 4b)
[11,13,16,29,34,35,48,50,51,55,57-59]. To investigate whether the
ultra-thin fluorosiloxane interphase layer can induce Zn2t deposi-
tion along the (002) plane at high discharge capacity, X-ray diffrac-
tion (XRD) tests were performed on the anode before and after 50
cycles (at 10 mAh/cm?, 40 mA/cm?2). As shown in Fig. S10 (Support-
ing information), the diffraction peaks at 36.2°, 39.0°, and 43.2°
correlate to the Zn (002), (100), and (101) crystal planes (JCPDS
No. 87-0713), respectively. The XRD pattern of bare Zn does not
change significantly before and after cycling. However, for SiFO-Zn,
the intensity ratio of the (002) to (101) plane increases from 0.24
to 0.34, verifying the prominent role of the fluorosiloxane inter-
phase layer in guiding horizontal deposition of Zn?t and inhibiting
the dendrite growth even at high anode discharge capacity [60].
Thus, the SiFO-Zn||SiFO-Zn symmetric cell can cycle stably for over
105h even at a DOD of 34.2% (20 mAh/cm?2, 40 mA/cm?, Fig. S9b
in Supporting information).

For further assessing the anode cycling reversibility, the rate
performance tests were conducted at a discharge capacity of 5
mAh/cm? and current densities of 10-50 mA/cmZ2. As shown in
Fig. S11 (Supporting information), the SiFO-Zn||SiFO-Zn symmet-
ric cell operates stably at various current densities (10, 20, 40,
and 50 mA/cm?) with distinctly lower voltage hysteresis (62.6, 76.5,
125.2, and 145mV) than the Zn||Zn symmetric cell (89.5, 102.9,
162.4, and 197.4 mV). Especially, when the current density is de-
creased from 50 mA/cm? to 10 mA/cm?, SiFO-Zn||SiFO-Zn is still ca-
pable of running over 175 cycles, while Zn||Zn shorts at the 115t
cycle. In addition, we assembled the Zn||Cu asymmetric cell to test
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Fig. 3. (a) I-t curves for symmetric cells assembled with bare Zn, treated Zn and SiFO-Zn at a constant overpotential of —150 mV. (b) Cycling performance of symmetric cells
at 5 mAh/cm? and 10 mA/cm?. Surface AFM 3D height images and SEM images of (c, d) bare Zn and (e, f) SiFO-Zn deposited at 10mA/cm? for 30 min. (g) Optical microscope

images of the Zn?* deposition process tested at a current density of 20 mA/cm?.

the Coulombic efficiency (CE), which is an important parameter for
evaluating the Zn?+ deposition/dissolution reversibility [20,61]. As
shown in Fig. S12 (Supporting information), Zn||SiFO-Cu operates
stably for 3800 cycles at 1 mAh/cm? and 40 mA/cm? with an av-
erage high CE of 99.87%. By contrast, Zn||Cu shows severe fluctua-
tions in CE at the 253t cycle and finally fails at the 1252t cycle.
Moreover, the voltage-capacity curves of Zn||SiFO-Cu overlap well,
with a voltage polarization of only 348.2mV; while the voltage-
capacity curves of Zn||Cu fluctuate drastically, with a voltage polar-
ization as high as 689.9mV. The above results indicate that owing
to the introduction of the fluorosiloxane interphase layer, SiFO-Zn
can exhibit excellent cycling performance at high current density.
Due to the excellent cycling performance of SiFO-Zn at high
current density, we assembled full cells to explore its potential
in fast-charging and flexible devices. Over-thick Zn foils (>50pm)
have been commonly used as anodes, which cause significant de-
pletion of the full-cell energy density [55]. Here, we chose an
ultra-thin Zn foil of 10pm to match the prepared low-crystallinity
MnO,-birnessite cathode (Fig. S13 in Supporting information) [62],
demonstrating a remarkable progress. The CV curves of assembled
SiFO-Zn|[MnO, and Zn||MnO, full cells were tested at a scanning
rate of 0.5mV/s (Fig. S14 in Supporting information). In compar-
ison to Zn||MnO,, SiFO-Zn|[MnO, exhibits a smaller redox peak
gap (348 mV vs. 372mV) and greater response currents, indicat-

ing diminished voltage polarization and enhanced charge transfer
kinetics [48]. This is further evidenced by the lower R of SiFO-
Zn||MnO, (55 € vs. 68 2 for Zn||[MnO,). On this premise, SiFO-
Zn||MnO, demonstrates an exceptional rate performance (Fig. 4c).
As the current density increases from 0.2 A/g to 5 A/g, the capacity
gap between SiFO-Zn||[MnO, (244, 203, 162, 134, 108 mAh/g) and
Zn||MnO, (241, 190, 152, 121, 86 mAh/g) gradually widens (Fig. S15
in Supporting information). Notably, the capacity of Zn||MnO, fluc-
tuates at a high current density of 5 A/g, implying serious dendrite
growth and side reactions on the Zn surface. Although the capac-
ity remains nearly unchanged when recovering to 0.2 A/g, the cy-
cling performance of Zn||MnO, at 2 A/g verifies that "quantitative
change causes qualitative change": The resulting Zn loss and elec-
trolyte pH change lead to rapid capacity attenuation of the bat-
tery [63]. For SiFO-Zn||MnO,, a specific capacity approaching 300
mAh/g is achieved at 0.2 A/g due to the activation of the cathode.
Upon increasing the current density to 2 A/g, the capacity of SiFO-
Zn||MnO, can still be maintained at 205 mAh/g even after another
180 cycles (250 cycles in total) due to the effective inhibition of
dendrites and side reactions.

The fast-charging performance of SiFO-Zn||MnO, was then eval-
uated at 2 A/g and 5 A/g, with the corresponding anode current
densities of 7mA/cm? and 17.5 mA/cm?, respectively. As shown in
Fig. S16 (Supporting information), SiFO-Zn||[MnO, achieves 1000
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Fig. 4. Cycling performance of symmetric cells at 10 mAh/cm? and 40 mA/cm?. (b) Comparison of the symmetric cycling performance (including current density, discharge
capacity and cumulative capacity) in this work with those in previous reports. (c) Rate performance of full cells. (d) Long-term cycling performance of full cells at 5 A/g. (e)
SEM image of the SiFO-Zn anode after 50 cycles at 5 A/g. (f) Flexibility demonstration of SiFO-Zn||[MnO, pouch cell. (g) Cycling performance of SiFO-Zn||MnO, pouch cell at

1 A/g after the bending test.

cycles at 2 Af/g with almost no capacity attenuation; while
the capacity of Zn||MnO, is rapidly depleted after only 60 cy-
cles, with severe fluctuations in CE. Based on the highest ca-
pacity of the cathode during cycling rather than the theoreti-
cal capacity, the negative/positive (N/P) capacity ratios of SiFO-
Zn||[MnO, and Zn||MnO, are calculated to be 10.7 and 12.2, re-
spectively. When the current density increases to 5 A/g (N/P ra-
tio: 13.2, Fig. 4d), SiFO-Zn||[MnO, operates steadily over 2600 cy-
cles, whereas a drastic capacity attenuation is observed within 300
cycles for Zn||[MnO,. In addition, SiFO-Zn||MnO, shows lower volt-
age hysteresis (Fig. S17 in Supporting information), differing from
Zn||[MnO, by 87mV in the first cycle (Fig. S18 in Supporting in-
formation). It is worth noting that, the reduced discharge depth of
the anode caused by decreased cathode capacity at 5 A/g extends
the cycle life of the full cell [64]. Nevertheless, the performance of
SiFO-Zn||[MnO, is significantly improved compared with Zn||MnO,
at both 2 A/g and 5 A/g, demonstrating an impressive modifica-
tion effect of SiFO-Zn. A comparison of full cell performance in this
work with those in the recently reported articles is shown in Ta-
ble S2 (Supporting information) [20,48,51,65-68]. The modification
effect is further verified by SEM images of the anode after 50 cy-
cles. As shown in Fig. 4e and Fig. S19 (Supporting information),
SiFO-Zn features a flat surface morphology covered with small-
sized highly (002)-oriented Zn flakes after cycling, while distinct
dendrite clusters are observed on the bare Zn surface. To avoid
misjudgment by chance, the SEM images of different regions are
provided.

AZMBs possess great potential for flexible wearable electronic
devices due to the high flexibility of Zn metal. However, Zn foil
has a shape memory effect, which forms wrinkled protrusions
after bending, inducing the generation of Zn dendrites, thereby
significantly shortening the service life of the devices as well
as posing safety hazards [7]. In this study, the fluorosiloxane
modification can significantly inhibit Zn dendrites on the surface

of Zn foil. Therefore, we used the SiFO-Zn anode to match with
a high mass-loading (6.25 mg/cm?) MnO, cathode for assembling
a large-size (22.5cm~2) flexible pouch cell, and further evaluated
its performance at high current density. As shown in Fig. 4f,
the pouch cell can still light up the LED after reverse bending,
showing excellent flexibility. After the bending test, the flexible
pouch cell achieves 200 cycles at 1 A/g with an anode current
density of 5mA/cm? (Fig. 4g). The phenomenon of initial cycling
CE exceeding 100% in the full cell is attributed to the dissolution of
Mn in the cathode [63]. In conclusion, SiFO-Zn anode has a broad
application prospect in flexible AZMBs, and its excellent cycling
performance at high current density provides a possibility for the
research and development of fast-charging electronic devices.

In summary, we demonstrate an ultra-thin fluorosiloxane inter-
phase layer of only 20 nm for fast-charging flexible AZMBs. In such
an interphase layer, the formation of Si-O-Zn bonds between fluo-
rosiloxane and hydroxyl-rich Zn contributes to interfacial stability,
and the Si-O-Si bonds generated by fluorosiloxane molecule con-
densation facilitate an even electric field distribution. Furthermore,
the introduced highly electronegative F atoms effectively regulate
the Zn2* flux, induce the horizontal Zn?>*+ deposition, and enhance
the charge transfer kinetics. Thus, the modified Zn anode (SiFO-
Zn) can effectively inhibit dendrites and side reactions, thereby
improving the electrochemical performance of the battery. Excit-
ingly, the SiFO-Zn||SiFO-Zn symmetric cell can cycle stably even at
an ultra-high current density of 40 mA/cm?, with a cumulative ca-
pacity up to 12.9 Ah/cm?. When the 10pum-thick SiFO-Zn anode
is matched with MnO, cathode, the full cell achieves 2600 cycles
with almost no capacity attenuation at a high current density of
5 A/g. Further matched with a high mass-loading (6.25 mg/cm?2)
MnO, cathode, the flexible pouch cell withstands reverse bending
without short-circuit, and exhibits excellent cycling performance at
1 A/g. This facile, low-energy consumption, and scalable interfacial
modification strategy can effectively improve the performance of
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Zn anodes at high current density, laying the foundation for the
development of dendrite-free, fast-charging, and flexible AZMBs.
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