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Abstract: Metallic zinc is a promising anode material for
rechargeable Zn-based batteries. However, the dendritic
growth of zinc has prevented practical applications. Herein it
is demonstrated that dendrite-free zinc deposits with a nano-
crystalline structure can be obtained by using nickel triflate as
an additive in a zinc triflate containing ionic liquid. The
formation of a thin layer of Zn—Ni alloy (n- and y-phases) on
the surface and in the initial stages of deposition along with the
formation of an interfacial layer on the electrode strongly affect
the nucleation and growth of zinc. A well-defined and uniform
nanocrystalline zinc deposit with particle sizes of about 25 nm
was obtained in the presence of Ni'. Further, it is shown that the
nanocrystalline Zn exhibits a high cycling stability even after
50 deposition/stripping cycles. This strategy of introducing an
inorganic metal salt in ionic liquid electrolytes can be
considered as an efficient way to obtain dendrite-free zinc.

Rechargeable zinc-based batteries, especially Zn-air batter-
ies, have great potential for next-generation energy storage
devices owing to their low cost, inflammability, low toxicity,
and promising energy density.l'! However, the development of
rechargeable Zn-based batteries has been hindered mainly by
the formation of Zn dendrites during charging, leading to
a capacity fading or even short circuiting of the cell.”’ Many
approaches have been proposed to suppress dendritic Zn
growth by adding additives to the electrolyte,’! alloying the
Zn anode with other metals,” and modifying the Zn anode
with organic or inorganic materials.”! Although these strat-
egies are promising, the battery still suffers reduced anode
capacity, low Coulombic efficiency, short cycle life, and safety
issues in aqueous and/or organic electrolytes.!®! Ionic liquids
(ILs) exhibit good electrical conductivity, high thermal
stability, and large electrochemical windows and are promis-
ing electrolytes for batteries.”! The electrodeposition of zinc
from ionic liquids has already been demonstrated®™ and the
morphology of Zn deposits is strongly dependent on the
structure of the ILs probably as a result of variations in the
interfacial behavior of ILs."

The deposition of Zn from Zn(TfO), in 1-butyl-1-meth-
ylpyrrolidinium trifluoromethylsulfonate ([Py, ,]TfO) leads to
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nanocrystalline deposits, whereas in 1-ethyl-3-methylimida-
zolium trifluoromethylsulfonate ([EMIm]TfO) a microcrys-
talline deposit is obtained.™ However, dendritic growth of
Zn is still inevitable in TLs,!'"! especially at elevated temper-
atures.®™ The addition of additives to ILs is a relatively new
approach and some studies have been performed in order to
obtain dendrite-free metal deposits in ILs, including the
addition of organic compounds to suppress Zn dendrites,"!!
alkali and alkaline-earth metal salts to suppress lithium
dendrites,™ and SiCl, in MCL,/IL (M =Sn, Zn, and Te; n =2,
4) to obtain metal nanowires."! Furthermore, the formation
of a solid electrolyte interface (SEI) on the electrode surfaces
has also been reported to be an efficient way to prevent
dendrite growth of metals, especially in suppressing lithium
dendritic growth.[']

Herein, we report for the first time the addition of
Ni(TfO), to Zn(TfO), in [EMIm]TfO to obtain dendrite-free
Zn deposits with a nanocrystalline structure, and demonstrate
their cycling performance.

Figure 1a shows the cyclic voltammograms of 0.1M Zn-
(TtO), in [EMIm|TfO on gold in the presence and absence of
0.015 M Ni(TfO),. In the absence of Ni", the deposition of zinc
starts at a potential of around —1.55V during the cathodic
scan. In the anodic regime, a maximum current density of
4mAcm? was recorded at —0.87 V followed by a sharp
decrease in the current to zero. In the presence of Ni,
a potential of —1.65 V is required for the nucleation of zinc. In
the anodic regime, the stripping peak significantly shifts to
more positive potentials and the peak becomes broader,
which might be due to the oxidation of Zn and Zn-Ni alloys.
The CVs retain their shapes even after 10 cycles, indicating
a reversible Zn deposition/stripping process (Figure S1 in the
Supporting Information).

In the inset of Figure 1a, the CV of 0.015M Ni(TfO), in
[EMIm]TfO shows a reduction peak (c*) at —2.2 V prior to
the reduction of the [EMIm]" cation. Electrolysis at —2.2 V
for 2h did not produce any nickel on the surface as
investigated by XPS. Similar electrochemical behavior was
also reported by Gou et al. for nickel chloride/zinc chloride in
1-ethyl-3-methylimidazolium chloride.™ Further investiga-
tions, like in situ scanning tunneling microscopy (STM), may
provide more information on this process.

On potentiostatic electrolysis of 0.015m Ni(TfO), in
[EMIm]TfO at 100°C and —1.2 V for 2 h, a black layer was
obtained. The deposits exhibit spherical nanocrystals and
energy-dispersive X-ray spectroscopy (EDX) shows a large
amount of sulfur with a Ni/S molar ratio of 2:1 (Figure S2a,b).
XRD results (Figure S2¢) indicated that the deposit contains
metallic nickel and Ni;S,. We further carried out X-ray
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Figure 1. a) CVs of 0.1 M Zn(TfO), in [EMIm]TfO without and with
0.015 m Ni(TfO), on gold at 22°C; inset shows the CV of 0.015m
Ni(TfO), in [EMIm]TfO on gold. Scan rate: 10 mVs™". b) Chronoam-
perograms of 0.1 M Zn(TfO), in [EMIm]TfO without and with 0.015m
Ni(TfO), on gold at 22°C and at 100°C (inset).

photoelectron spectroscopy (XPS) to characterize the chem-
ical compositions of the deposit. Figure S2d-f shows the
survey curves, Ni2p and S2p, including peak deconvolution
and assignments of the deposits. The results indicated that
NiSO,, NiSO;, Ni,S,, and metallic Ni were formed on the
electrode. It was reported that the reductive decomposition of
bis(trifluoromethylsulfonyl)amide (TFSA) anions occurs
during cathodic polarization.'®! The TfO anions are less
electrostable than TFSA anions.'”! Therefore, the TfO anion
is also expected to decompose under cathodic polarization.
The resulting decomposed species can interact with Ni*"
which was shown to form a solid electrolyte interphase (SEI
layer) on the surface. Such a SEI layer was not observed in
0.1m Zn(TtO), in [EMIm|TfO. The solubility of Zn(TfO), in
[EMIm]TfO (>0.6Mm) at 22°C is 20 times higher than that of
Ni(TfO), in [EMIm]TfO (ca. 0.03m). Therefore, nickel salts
will precipitate more easily.

In the chronoamperometric profiles (Figure 1b) recorded
upon applying potential (—1.7 V) the current-time transients
are characterized by a rising current due to formation and
growth of nuclei on the substrate until a current maximum
(i) is attained at a time maximum (z,,) followed by Cottrell
behavior. In the presence of Ni", the chronoamperogram
shows a decrease in the current and i,, is attained at longer £,
This suggests that the nucleation and growth of zinc is
distinctly changed in the presence of Ni". The transient
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exhibits a more complicated form involving two growth
processes in the presence of Ni' at 100°C and —1.2V as
shown in the inset of Figure 1b. The first process (Z,,), which
occurs at shorter time than that in the absence of Ni" (),
might be related to the co-deposition of Zn-Ni alloy and/or
the formation of a SEI layer on the gold surface. The second
process (t,,), which occurs at a longer time and with a lower
current than that in the absence of Ni' (z,), probably is
a result of the deposition of zinc in presence of a SEI layer.
To further evaluate the electrochemical processes, in situ
atomic force microscopy (AFM) was performed. Force—
distance curves from AFM studies have revealed that the
interfacial layer in ionic liquids has a multilayered arrange-
ment at the electrode/electrolyte interface.'™ The interfacial
structure can be divided into three regions: the innermost
layer, the transition zone, and the bulk liquid.'”! The inner-
most layer of ionic species is in direct contact with the
electrode surface and shows the highest order. Therefore, in
situ AFM studies were performed on [EMIm|TfO, Zn(TfO),
in [EMIm|TfO, and Zn(TfO), and Ni(TfO), in [EMIm]TfO as
a function of potential on Au(111). Four discrete steps in the
force—distance curve were observed in pure [EMIm|TfO at
—0.2 V (Figure 2a). The force required to rupture the inner-
most layer is 5 nN with a width of the innermost layer of
0.68 nm, which corresponds to the presence of an IL ion pair.
The [EMIm]TfO ion pair has an estimated diameter of
0.68 nm when one assumes a cubic packing geometry.”” The
addition of a metal salt significantly changes the IL inter-
face.”! Upon the addition of 0.1m Zn(TfO),, the width of the
innermost layer is lowered to 0.48 nm, probably as a result of
the replacement of [EMIm]* with Zn*" complexes. When
0.015M Ni(TfO), is present, the width of the innermost layer
further decreases to 0.27 nm. It appears that in the presence of
two cations, Ni** and Zn>", the interfacial structure is
significantly altered. When the potential is changed to
—0.5 V (Figure 2b), the innermost layer shows a decreased
distance of 0.62 nm in [EMIm]|TfO probably as IL ion pairs
adopt an orientation more parallel to the surface,””! whereas
the separation distance remains unchanged in the presence of
the metal salts. When the potential is changed further to
—0.8 'V, the force required to rupture the innermost layer is
11 nN in the presence of Ni'', which is three times larger than
that in the absence of Ni" (Figure 2¢), indicating stronger
interfacial electrostatic interactions with gold. The separation
distance also slightly increases to 0.31 nm. The second and
third layers have a separation of 0.65 nm in the presence of
Ni", which indicates the presence of IL ion pairs. Thus, the
AFM results clearly indicate that the addition of metal salts
significantly alters the interfacial structure at the electrode/
electrolyte interface which in turn might affect the electro-
chemical process as evidenced by the CVs in Figure 1.
Scanning electron microscopy (SEM) images of the
deposited Zn films are shown in Figure 3. In the absence of
Ni', aggregates of hexagonal plate-like Zn crystals were
obtained (Figure 3a and Figure S3a with low magnification).
The cross-sectional view shows fibrous-like growth (Fig-
ure 3b). When the concentration of Zn(TfO), was increased
to 0.2, dendritic growth of Zn was observed.l'”! However, in
the presence of Ni, uniform and well-defined Zn nano-
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Figure 2. Force versus apparent separation profiles for a silica canti-
lever approaching an Au(111) surface in [EMIm]TfO, 0.1 m Zn(TfO), in
[EMIm]TfO, and 0.1 M Zn(TfO), and 0.015m Ni(TfO), in [EMIm[TfO,
respectively, at a) —0.2V, b) —0.5V, and ¢) —0.8 V.

crystalline structures with particle sizes of about 25 nm were
obtained (Figure 3d and Figure S3b with low magnification).
From the cross-sectional view (Figure 3 e) it is evident that the
deposits are dense and compact. Visually, the deposit has
a black appearance in the presence of Ni", whereas a silver-
gray zinc deposit is observed in the absence of Ni' (Fig-
ure S4). EDX results (Figure S3b) show that the deposit has
a Zn/Ni molar ratio of 48:2. At low Ni contents
(<15 atom %), Zn-Ni alloys exhibit mainly #-phase and y-
phase. The n-phase has a hexagonal crystal structure with a Ni
content of less than 1%. The y-phase has a body-centered
cubic structure with the composition of NisZn, (8-15%
Ni).»!

The X-ray diffraction (XRD) pattern of Zn obtained from
0.1M Zn(TfO), in [EMIm]|TfO (Figure 3¢c) shows peaks at
(002), (100), (101), (102), (103), and (110), matching well with
the Zn reference (JCPDS No: 04-0831). However, in the
presence of Ni", the major peaks of the Zn deposit at the
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Figure 3. Morphologies (a,b,d,e) and XRD (c,f) of Zn films on gold
obtained from 0.1 M Zn(TfO), in [EMIm]TO (a—c) and with 0.015m

Ni(TfO), (d-f) at —1.7V for 2 h.

(100) and (101) planes were not shifted from their equilibrium
positions. The less intense peaks related to (002), (102), (103),
and (110) planes were shifted to higher angles indicating
reduced d-spacings (Figure 3 f). The peak shift can be due to
changes in the chemical composition. The incorporation of Ni
in the Zn lattice causes a cell distortion but the unit still
remains hexagonal, and thus the diffraction lines shift their
positions.*! Therefore, these peaks might be from the #-phase
of a Zn-Ni alloy. An additional peak at 42.8° was also
observed, which is related to the (411) plane of NisZn,; (y-
phase; JCPDS No.: 06-0653) (Figure S5). We also investi-
gated the XPS of the sample (Figure S6), and no Ni was found
on the surface even it had been etched with Ar* for 20 min.
This suggests that the Zn-Ni alloys are formed only at the
initial stages of deposition and then the growth of Zn takes
place.

In order to shed more light on the deposition process in
the presence of Ni", electrolysis was performed to study the
effect of potential, temperature, and morphology changes on
different substrates. The morphologies of the Zn deposits
obtained at different potentials (—1.6, —1.8, and —2.0 V) on
gold at 22°C are shown in Figure S7. At all the investigated
potentials, uniform dendrite-free Zn deposits with particle
sizes ranging from 20 to 30 nm were obtained. When the
temperature was increased to 100°C, a relatively rough
surface with Zn particle sizes of about several hundred
nanometers was obtained. A microcrystalline Zn deposit with
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particle sizes of roughly 5 um was obtained in the absence of
Ni" (Figures S8 and S9). EDX results reveal (Figure S8) that
the Zn/Ni molar ratio is 40:1 and XPS (Figure S10) shows still
no Ni on the surface. We also investigated the Zn deposition
on copper and the results show that nanocrystalline Zn is
formed in a similar manner to that of gold, irrespective of the
substrate (Figure S11).
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Figure 4. a) CVs of 0.1 m Zn(TfO), in [EMIm]TfO without and with
0.015 M Ni(TfO), cycled on Cu; scan rate: 10 mVs™'. b) Voltage profiles
of the Zn deposition/dissolution process at a current density of

0.2 mAcm™2 c) Coulombic efficiency vs. cycle number and morphology
of Zn deposits at the edge of the electrode after 50 cycles without

Ni" (d) and with (e) 0.015m Ni(TfO),.
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In rechargeable Zn-based batteries, the cycling perfor-
mance of the Zn anode is critical for the battery life. CV
results show an increased overpotential for the deposition of
zinc in the presence of Ni(TfO), (Figure 4a). In the anodic
regime, two oxidation processes were observed in both cases.
The first peak al or al’is attributed to the oxidation of Zn and
the second peak a2 or a2’ can be due to the oxidation of the
Cu-Zn alloy. The voltage differences between the peaks is
roughly 0.1 V in the absence of Ni! and about 0.2 V in the
presence of Ni'". This indicates that the stripping of Zn is more
likely accompanied by the stripping of Zn—Cu alloy in the
absence of Ni". Figure 4b shows voltage profiles of different
cycles. A stable overpotential of ca. 0.1 V was recorded during
charging in the absence of Ni", whereas an overpotential of
—0.35 Visrequired in the initial cycles and roughly —0.20 V in
the following cycles (5th to 50th) in the presence of Ni",
indicating the formation of a SEI layer. During discharging,
the electrode exhibits two distinguishable potential plateaus
(0.1 and 0.3 V) in the absence of Ni", whereas only one
obvious plateau was observed in the presence of Ni'. At
a discharge capacity of 0.2 mAhcm™, the cell maintains an
average Coulombic efficiency of more than 99% after 50
cycles in the presence of Ni', whereas in the absence of Ni"
the efficiency decreases to 95 % after just 25 cycles (average
Coulombic efficiency over the first 25 cycles is 99 %) (Fig-
ure 4¢). These results clearly demonstrate that the presence
of Ni(TfO), in the electrolyte increases the stability of the Zn
anode. The morphology of the Zn deposits after 50 cycles
shows a behavior that is characteristic of dendritic formation
in the absence of Ni" (Figure 4d), whereas a dendrite-free Zn
structure with a high porosity was observed in the presence of
Ni" (Figure 4e).

In summary, we have shown that dendrite-free Zn with
a nanocrystalline structure can be obtained from Zn(TfO), in
[EMIm]T{O in the presence of Ni(TfO),. The addition of
metal salts to ionic liquids appears to have altered the
interfacial layer structure. A thin film of Zn-Ni alloy formed
on the surface together with the formation of a SEI layer
affects the nucleation and growth of Zn. Furthermore, the
nanostructured Zn electrode shows remarkable electrochem-
ical performance and structural stability, leading to a cycle life
suitable for rechargeable Zn-based batteries. This work
presents a simple and effective strategy to inhibit dendritic
growth of Zn and may open up new possibilities for
applications in new energy storage systems.
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