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Basal-Plane Orientation of Zn Electrodeposits Induced by Loss of
Free Water in Concentrated Aqueous Solutions

Shota Inoguchi, Atsushi Kitada,”® Kazuhiro Fukami,”® and Kuniaki Murase™

Department of Materials Science and Engineering, Kyoto University, Kyoto 606-8501, Japan

Concentrated aqueous solutions attract considerable attention because water electrolysis can be suppressed due to a decrease in the
amount of free water. The present study focuses on electrodeposition behaviors of metallic zinc (Zn) using concentrated aqueous
solutions containing bis(trifluoromethylsulfonyl)amide (Tf,N") anions. An increase in Tf,N™ concentration significantly enhances
water-anion interactions, giving characteristic infrared spectra for the breakdown of the hydrogen-bonding networks of water
clusters, i.e. loss of free water. For the Tf,N™ system Zn electrodeposits with the preferred orientation of hep basal plane was
observed, while, for the SO, system with the presence of the hydrogen-bonding networks, preferred orientation of basal plane
was not observed. The preferred orientation of basal plane is not attributed to the adsorption of Tf,N™ anions on the electrode,
proved by the use of mixed Zn(Tf,N),-ZnSO, concentrated solutions. The loss of free water in the concentrated Zn(Tf,N),
solutions will suppress hydrogen adsorption at the cathode to promote surface diffusion of intermediate Zn" adions and growth of
Zn crystals. Consequently, the promotions and the easier growth of Zn basal planes with the lowest interfacial free energy will
enhance the horizontal growth of Zn basal planes.
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Electrochemical reactions in aqueous media are limited by the
electrochemical instability of water. This instability involves not
only the low voltage of storage batteries but also a limit to metal
species electrodeposited from aqueous systems. An effective ap-
proach to improve water stability is an increase in solute concentra-
tion, i.e., the use of concentrated aqueous solutions.

Although aqueous solutions with extremely high concentrations
have been studied for about half a century,'™ the attention to highly-
concentrated aqueous solutions has revived within this decade. The
expansion of the potential window to ca. 3.0 V has been reported for
a 21 molkg™ lithium bis(trifluoromethylsulfonyl)amide (LiTf,N,
Tf = SO,CF;) aqueous solution.” In such concentrated aqueous
solutions, the amount of free water is considerably decreased to
suppress water electrolysis, which is beneficial for energy
storage,®™!! surface finishing processes,'>™'® and so on. For example,
zinc (Zn) electrodeposition from concentrated zinc chloride (ZnCl,)
aqueous solutions have demonstrated the suppression of both water
decomposition and dendritic growth, which is promising for zinc-air
batteries.” However, nothing has been studied so far on crystal-
lization mechanisms in concentrated aqueous solutions, i.e., how the
decrease in free water affects the crystallization process of electro-
deposits is unknown.

Zn electrodeposition thermodynamically competes with hy-
drogen evolution and/or ads0r2ption because of the relatively
negative electrode potential (Zn"" + 2e = Zn; E° = —0.76 V vs
SHE). However, the hydrogen overpotential is large for Zn and the
current efficiency is more than 90% even in conventional aqueous
solutions with many amounts of free water. In other words, Zn
electrodeposition from concentrated aqueous solutions is a good
example to examine the effect of a decrease in free water on
electrodeposition behaviors because there is no need to take into
account the change in current efficiency that affects electrodeposi-
tion behaviors.

To identify how the decrease in free water affects Zn electro-
deposition behaviors, concentrated aqueous solutions where zinc
cations exist as hydrated ions and counter anions are electrochemi-
cally stable are desired. In other words, the use of anions is
undesirable that coordinate with metal cations and/or are easily
reduced. For this reason, we use neither CI™ anions that coordinate
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with Zn>",'%'7 nor nitrate (NO5") anions that decompose into nitrite
(NO,") anions during cathodic reactions.'®!® In this study, we report
Zn electrodeposition behaviors using concentrated Zn(Tf,N), aqu-
eous solutions. In this system, the hydration of metal cations and the
decrease in free water are considered to occur as in concentrated
LiTf,N aqueous solutions. For comparison, electrodeposition from
concentrated zine sulfate (SO,27) solutions are also studied.

Experimental

Materials and preparation.—Zinc sulfate heptahydrates
(ZnSO4-7TH,0; Nacalai tesque, >99.0% purity) was used as pur-
chased. Zn(Tf,N), was synthesized from bis(trifluoromethylsul-
fonyl)imide (HTf,N; Fluka, >95.0% purity) and basic zinc carbonate
(2ZnC0;3-3Zn(OH),; Nacalai tesque, chemical pure grade) through
acid-base reactions. Their aqueous solutions were prepared with
ultra-pure water (18.2 M2 cm, Millipore, Milli-Q Reference A+).
HTf,N (20 mmol) and 2ZnCO5-3Zn(OH), (4 mmol) in 20 mL of
water were stirred at 500 rpm at 70 °C for 2 h. They were heated at
120 °C for 12 h. to remove excess water. A white, hygroscopic solid
was obtained at room temperature. The water amount in this salt
was measured by coulometric Karl-Fischer titration. The molalities
of ZnSO, or Zn(Tf,N), solutions were adjusted to 0.1, 0.5, 1.0,
2.0, and 3.5 mol kg". We also prepared ZnSO4-Zn(Tf,N), mixed
solutions at total Zn*™ molality of 2.0 molkg™', where molar
fractions of Zn(Tf,N),, x = [Zn(THoN)L/{[Zn(Tf,N),] + [ZnSOy4]},
were adjusted to be 0.01, 0.10, and 0.20.

Vibration spectroscopy.—For Infrared (IR) measurement, a
JASCO FT/IR-460 plus system was used with barium fluoride
(BaF,) window materials. For Raman spectroscopy, an integrated
Raman system (B&W Tek, innoRam 785)—consisting of a semi-
conductor laser light source (785 nm), an axial transmissive spectro-
graph, a holographic probe head, and a CCD detector—was used.
For pH measurements, a pH meter (HORIBA, Laquaact D-71) was
used.

Electrochemical cells.—Electrochemical measurements were
performed at room temperature (RT) using a potentiostat (Bio-
Logic Science Instruments, SP-150) by three-electrode method: Cu
substrate (YAMAMOTO-MS) as the working electrode (WE), Zn
sheet (Nilaco, >99.99% purity) as the counter electrode (CE),
Ag/AgCl electrode immersed in 3.0 mol dm™ sodium chloride
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Figure 1. IR spectra of O-H stretching vibration modes for (a) Zn(Tf,N), and (b) ZnSO, solutions.

(NaCl) aqueous solution as the reference electrode (RE). The RE
was separated from the main electrolyte by porous Vycor glass.
NaCl was used instead of potassium chloride (KCl) to avoid
precipitation of less-soluble potassium bis(trifluoromethylsulfonyl)
amide (KTf,N) at the Vycor glass. The potential of the RE is 0.226 +
0.004 V vs SHE.?® The liquid junction potential in the RE caused by
the difference of ionic mobility between Na™ cations and CI~ anions
was calculated from Henderson’s equation, resulting in below
10 mV. Before the electrochemical measurements, the Cu substrate
was ultrasonically cleaned by acetone and ethanol for 20 min. and
10 min., respectively.

Electrochemical measurements.—Linear sweep voltammetry
was performed at a scan rate of 10 mV s™'. Prior to linear sweep
voltammetry for each electrolyte, the solution resistance was
determined by electrochemical impedance spectroscopies at a
frequency of 100kHz and AC voltage amplitude of 20 mV to
compensate for the ohmic drop between the WE and the RE.

Electrodeposition and characterization of electrodeposits.—
Galvanostatic electrolysis was carried out at a current density of
50 mA cm™ for 400s without any agitation at RT by the same
potentiostat and RE referred before. The thickness of electrodeposits
was always ca. 10 pm that is thick is enough to eliminate the
influence of Cu substrate on Zn electrodeposition, e.g. epitaxial
growth. To calculate the current efficiency, the weight of the
electrodeposits was calculated by comparing the weight of the
substrate before and after the electrodeposition. The efficiency was
calculated by dividing the weight of the obtained electrodeposits by
the weight of the elemental zinc that would be obtained if the current
efficiency were 100%. To characterize the electrodeposits, X-ray
diffraction (XRD) measurements with CuKa (A = 0.1542 nm and
scanning electron microscope (SEM) observations were performed
using Rigaku RINT2200 and KEYENCE VE-8800, respectively.

Results and Discussion

Infrared spectroscopy.—The presence of free water was exam-
ined in Zn(Tf,N), and ZnSO, solutions with various concentrations.
Figure 1 shows the IR spectra of O-H stretching vibration. Broad
absorptions ranging from 3000 to 3800 cm™ are observed in
0.1-0.5 mol kg'1 Zn(Tf,N), and all ZnSO,4 solutions, proving the
existence of hydrogen-bonding networks of water clusters.”’ By
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Figure 2. Raman spectra between the Raman shift of 770 and 720 cm™" for
1.0, 2.0, 3.5 mol kg1 Zn(Tf,N), solutions and Zn(Tf,N), solid salt.

contrast, increasing Zn(Tf,N), molality leads to a different situation:
The higher shift in O—H vibration ranging from 3200-3500 cm™" to
3500-3700 cm™ indicates that hydrogen-bonding networks of water
clusters are broken.

Similar shifts have also been observed in LiTf,N hydrate melts
and concentrated aqueous solutions containing perchlorate (Cl04")
anions.***?* The blue shift at high ClO,  concentrations has
indicated an increase in the number of water monomers that form
hydrogen bonds with ClO,~ anions.”® It has been reported that
oxygen atoms of the sulfonyl group of Tf,N™ anions form hydrogen
bonds with water molecules.”* The IR spectra for the concentrated
Zn(Tf,N), solutions indicate an increase in the number of water
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Table I. pH, Open circuit potentials of the Zn electrode immersed in Zn(Tf,N), and ZnSO solutions, and the equilibrium potential of Zn**/Zn
predicted from the Nernst equation assuming that the activity coefficient of water is 1.

pH Open circuit potential/V vs SHE
Molality/mol kg™ Equilibrium potential (predicted)/V vs SHE
Zn(szN)2 ZHSO4 Zn(szN)z ZHSO4
0.1 5.91 5.84 -0.793 -0.807 -0.793
0.5 5.00 5.46 -0.768 -0.796 -0.772
1.0 4.88 5.12 -0.742 -0.787 -0.763
2.0 4.29 5.33 -0.699 -0.770 -0.754
35 331 3.93 -0.637 -0.742 -0.747

monomer that interacts with Tf,N™ anions. The enhanced water-
anion interactions relate to decreasing the amount of free water.
Although the amount of free water certainly decreases in ZnSO,4
solutions due to the hydration of Zn*" cations, the amount of free
water in Zn(Tf,N), solutions further decreases by not only the
hydration but also the water-anion interactions.

Raman spectroscopy of electrolytes.—Figure 2 shows the Raman
spectra of CF; bending vibrations of Tf,N™ anions for Zn(Tf,N),
solutions and a Zn(Tf,N), solid salt. The water content of the solid
salt was 5.0 wt%, analyzed by Karl-Fischer titration, which corre-
sponds to the molar ratio Zn(Tf,N),:H,O = 1:1.8. For the solid salt,
a shoulder appears at 754 cm™" together with the main peak centered
at 747 cm™'. In anhydride solid magnesium bis(trifluoromethylsul-
fonyl)amide (Mg(Tf,N),) a single Raman band has been observed at
754 cm™', while a single band has been observed at 750 cm™ in its
hydrate salts (Mg(Tf,N),-8H,O or [Mg(H,0)s][Tf,N],)(H;0),). In
other words, the hydration of Mg>" cations has resulted in the shift
of the wavenumbers of the CF; bending vibrations from 754 cm™ to
750 cm™'.?® The shoulder for the solid salt indicates that Zn(Tf,N),
salt with 5.0 wt% H,O is composed of two phases: anhydride
Zn(Tf,N), salt and its hydrate salts.

By contrast, no shoulder peaks are observed for 0.1-3.5 mol kg™
Zn(Tf,N), solutions, indicating that all Zn>* cations are not coordi-
nated with Tf,N™ anions but hydrated in the 0.1-3.5 mol kg™
solutions. A higher shift for the 3.5 molkg™' solution indicates the
interaction between hydrated Zn>" cations and Tf,N™ anions, similar
to the case of concentrated LiTf,N aqueous solutions.” Namely, the
Raman spectra for the solutions indicate that Zn®' cations are
hydrated without direct inner-sphere complexations where the high
THHN™ concentration causes the outer-sphere interaction with the
hydrated cations.

Open-circuit potentials and prediction of equilibrium poten-
tials.—Table I summarizes the pH values of Zn(Tf,N), and ZnSO,
solutions, showing a slight change with solutes and/or concentra-
tions. Table I also summarizes the open-circuit potentials of the Zn
electrode immersed in Zn(Tf,N), and ZnSO, solutions. The che-
mical dissolution of the electrode and hydrogen evolution are not
observed during the immersion because Zn(Tf,N), and ZnSO,
solutions are both weak acid with pH values more than 3. For this
reason, the measured potentials i.e., the mixed potentials are very
similar to the equilibrium potential of Zn>*/Zn. Compared to the
ZnSQO,, the measured gotentials for the Zn(Tf,N), shift toward
positive at the same Zn>" concentration. The equilibrium reaction
and the Nernst equation are shown in Eqs. 1 and 2, respectively.

Zn(H,0)2" + 2¢ = Zn + 6H,0 (1

Az, ap,06

E=go— RT ), 929m00 2]
2F az,,(H20>g+

where E° and E represent the standard equilibrium potential and

the equilibrium potential, respectively, R is gas constant, T is

temperature, F' is Faraday constant, and a is the activity. As given in
Eq. 1, we assume that Zn>" cations are hydrated by six water
molecules.?

Table I also shows the equilibrium potentials predicted from the
Nernst equation assuming the activity coefficients of solutes and
water to be unity. For the ZnSO, solutions, the potential values
predicted from Eq. 2 are similar to the open-circuit potentials. By
contrast, the open-circuit potentials for Zn(Tf,N), solutions are
much more positive than the predicted values because of the
significant decrease in water activity. In brief, compared to the
ZnSOy solutions, increasing Tf,N™ concentration with the enhanced
water-anion interactions gives a larger activity coefficient of Zn>™
cations and/or smaller water activity, proving that the much decrease
in the amount of free water, i.e., loss of free water.

Linear sweep voltammetry.—Figure 3 summarizes linear sweep
voltammograms performed on Cu substrate for Zn(Tf,N), and
ZnSO, solutions. Note that the voltammograms are compensated
for the ohmic drop between the WE and the RE. In Fig. 3, the
overpotential is converted from V vs Ag/AgCl immersed in
3.0 mol dm™ NaCl solution to V vs open-circuit potentials of Zn
electrode measured in each solution as shown in Table 1. Notably,
because the measured potentials are very similar to the equilibrium
potential of Zn>*/Zn as mentioned above, the horizontal axis of this
figure is denoted as “Potential/V vs Zn”. In all cases, the limiting
current density is more than 100 mA cm™>. The slope of each
current—potential curve decreases at a current density of ca.
50 mA cm™>. This decrease may be caused by limited diffusion of
hydrated Zn>" cations because hydrogen gas evolution during the
cathodic polarization was not detected by eye-inspection. The
polarization resistance increases with Zn>" concentration due to
enhanced interactions between hydrated Zn>* cation and anion.
Compared to the ZnSOy solutions, the polarization resistance for the
Zn(Tf,N), solutions is larger at the same Zn>* concentration. The
adsorption of Tf,N™ anions on Au substrates has been reported.?’
Similarly, Tf,N™ adsorption will occur on homologous Cu substrate,
which may cause an increase in polarization resistance. However, Zn
electrodeposition behaviors are affected only by the loss of free
water due to concentrating Tf,N™ anions, not by Tf,N™ adsorption on
the electrode. This is demonstrated and discussed below.

We also performed cathodic polarization using a Zn>" cation-free
LiTf,N solution with near-neutral pH to investigate Tf,N™ adsorp-
tion on Zn substrate. A platinum rod and Ag/AgCl immersed in
3.0 mol dm™ NaCl solution were used as CE and RE, respectively.
However, no currents specific to Tf,N™ adsorption on Zn substrate
were observed during the polarization.

Electrodeposition from Zn(Tf,N), and ZnSO, solutions.—Flat
and smooth electrodeposits were obtained by the galvanostatic
electrolysis at a current density of 50 mA cm™2 using Zn(Tf,N), and
ZnSO, solutions. In all cases, the current efficiency was more than
99%, and gas evolution was not detected by eye-inspection. Figure 4
shows the XRD profiles of metallic Zn deposits obtained from each
solution. Electrodeposits with the preferential orientation of hcp
basal plane, i.e. {001} plane, are obtained from the Zn(Tf,N),
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Figure 3. Linear sweep voltammograms with ohmic compensation using Cu
substrate at a scan rate of 10 mV s~ for (a) Zn(Tf,N), and (b) ZnSO,
solutions.

solutions, and the degree of preferential orientation increases as the
concentration decreases down to 1.0 mol kg™

In the case of ZnSO, solutions, such significant basal-plane
orientation is not observed and other diffraction intensities asso-
ciated with hcp pyramidal and/or prismatic planes increase com-
pared to Zn(Tf,N), solutions. Figure 5 displays SEM images of the
deposits. The anion dependence of the morphology is also proved by
the SEM images. Zn deposits with prismatic planes, which have
often been reported in Zn electroplating,”*—° are obtained from the
ZnSO, solutions, while this is not the case with concentrated
Zn(Tf,N), solutions. Zn deposits for Zn(Tf,N), solutions have
mossy-like structures. It has been reported that, in the case of
zincate baths, mossy-like structures can form on layer-like structures
of Zn electrodeposits, i.e. on basal planes of Zn.*"*? Therefore, the
fact that mossy-like structures are present only for Zn(Tf,N),
solutions proves the preferential orientation of hcp basal plane.
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Figure 4. XRD profiles of Zn electrodeposits obtained from (a) Zn(Tf,N),
and (b) ZnSO, solutions. Solid circles and open circles indicate Zn
electrodeposits and Cu substrate, respectively.

The smooth electrodeposits obtained from ZnCl, hydrate melts have
not possessed the preferred orientation of hep basal planes.'”

Notably, for 3.5 mol kg_l Zn(TfHN), solutions, the preferred
orientation weakens. The degree of cation-anion dissociation de-
creases compared to the case of 2.0 mol kg™' as shown by the Raman
results. Therefore, the weakened preferential orientation for
3.5 mol kg'1 Zn(Tf,N), solutions may well be attributed to the
stronger interaction between hydrated Zn®>" cations and Tf,N~
anions. Similarly, an increase in ZnSO,4 molality gives a decrease
in basal-plane orientation, although the orientation is hardly notable
compared to Zn(Tf,N), cases. This is related to enhanced interac-
tions between hydrated Zn>" cations and SO,> anions as ZnSO,
molality increases. The effects of the enhanced interaction between
hydrated Zn>" cations and anions on Zn electrodeposition are
discussed below. Below we focus on 2.0 molkg™ solutions to
identify the anion effects on Zn electrodeposition.
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Figure 5. SEM images of Zn electrodeposits obtained from (a)—(c) Zn(Tf,N), and (d)—(f) ZnSO, solutions, with the molality of (a), (e) 1.0 mol kg’l, (b),
(d) 2.0 mol kg‘l, and (c), (f) 3.5 mol kg'l. Insets show SEM images with higher magnification.

Identification of the role of Tf>N~ anions on Zn electrodeposi-
tion.—Using mixed Zn(Tf,N),-ZnSO, concentrated aqueous solu-
tions with the total Zn>* concentration of 2.0 mol kg’l, we also
performed similar experiments of spectroscopy and electrochem-
istry, to identify the role of Tf,N™ anions on Zn electrodeposition.

Figure 6 shows the IR spectra of O-H stretching vibration for
the mixed Zn(Tf,N),-ZnSO, solutions. Adding Zn(Tf,N), salt only
slightly breaks hydrogen-bonding networks of water clusters, proving
that the amount of free water slightly decreases in the mixed solutions.
The pH values listed in Table II depend slightly on x or the molar
fraction of Zn(TfrN), (x = [Zn(THN)L/{[Zn(THN)>]4+H[ZnSO4]}).
Table II also summarizes the open-circuit potentials of the Zn
electrode immersed in the mixed solutions. The chemical dissolution
of the Zn electrode is not observed during the measurements. Open-
circuit potentials gradually shift toward positive with increasing x.
Although adding Zn(Tf,N), salt affects the water activity to some
extent, these shifts are not significant compared to pure Zn(Tf,N),
solutions.

Figure 7 summarizes linear sweep voltammograms for the mixed
solutions. Note that the voltammograms are compensated for the
ohmic drop between the WE and the RE. In Fig. 7, the overpotential
is converted from V vs Ag/AgCl immersed in 3.0 mol dm™ NaCl
solution to V vs open-circuit potentials of Zn electrode measured in
each solution as shown in Table II. The increase in the polarization
resistance with x indicates a stronger inhibition of the electrodeposi-
tion by Tf,N™ adsorption. However, the slope of the voltammogram
polarization resistance for pure Zn(Tf,N), solution, i.e. x = 1.00,
after the onset of Zn electrodeposition is similar to that for x = 0.20.
These results mean that increasing the polarization resistance is
attributed to Tf,N™ adsorption, not to the loss of free water.

For the mixed solutions, electrodeposits obtained by galvano-
static electrolysis at a current density of 50 mA cm™> showed flat and

smooth appearances. The current efficiency was more than 99%, and
gas evolution was not observed by eye-inspection. Figure 8 shows
XRD profiles of the single-phase Zn electrodeposits obtained from
the mixed solutions. Basal-plane oriented deposits are not obtained
from the mixed solutions as in the case of 2.0 molkg™' ZnSO,
solution. SEM images shown in Fig. 9 also prove that the addition of
Zn(TfHN), salt has almost no effect on the morphologies of Zn
electrodeposits.

These results indicate that the only presence of Tf,N™ anions does
not give the preferred orientation of hcp basal planes, although the
Tf,N™ adsorption that increases the polarization resistances occurs.
Therefore, the preferred orientation is derived from the loss of free
water due to water-anion interactions, not Tf,N~ adsorption.

Comparison with conventional trends on Zn electrodeposi-
tion.—Surface morphologies of metal electrodeposit obtained from
aqueous systems have been conventionally controlled by current
density, cathodic overpotential, the composition of electrolytes, and
additives.”®>%332 The effect of the loss of free water on the
morphologies is discussed in comparison to the conventional trends.

Current density and/or cathodic overpotentials have been re-
ported to vary the preferred orientations.””***'*? Especially in Zn
electrodeposition, with increasing the overpotential due to the use of
additives and/or the increase in current density, the preferred
orientation of hcp basal planes weakens. However, the results of
this study differ from this trend. The use of Zn(Tf,N), solutions
enhances the preferred orientation of basal planes despite the
increased overpotential (see Fig. 4).

Systematic studies exist on the effects of solute concentration,
additives, and complexations of metal ions on the microstructure
of electrodeposits. As illustrated in Fig. 10,>~° five main micro-
structures have been proposed: field-oriented isolated crystals (FI),
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Figure 6. IR spectra of O-H stretching vibration modes for ZnSOy4-
Zn(T£,N), mixed solutions with [Zn>*] = 2.0 mol kgl

Table II. pH values and open circuit potentials of Zn electrode
immersed in the mixed solutions with [Zn>**] = 2.0 mol kgl x
indicates molar fractions of Zn(Tf,N),, x = [Zn(Tf,N),)/{[Zn(Tf,N),]
+ [ZnS0y4]} in ZnSO4-Zn(Tf,N), mixed solutions at total Zn**
molality of 2.0 mol kg™'.

X pH Open circuit potential/V vs SHE
0.00 533 -0.770
0.01 4.90 —-0.761
0.10 5.13 -0.756
0.20 4.99 —0.745
1.00 4.29 -0.699

basis-orientated reproduction (BR), twining intermediate (Z), field
orientated texture (FT), and unoriented dispersion (UD). Inhibition
intensity means the difficulty of the electrodeposition reactions due
to the use of additives or the complexation of ions. Particularly, in
the presence of the complexation, the inhibition intensity increases
because the strong interaction between metal cations and ligands
prevents the discharge of the complexed ions.

In the conventional trends, the increased inhibition intensity leads
to UD. The microstructures for ZnSO, solutions and the mixed
solutions are classified as UD because preferred orientations and
epitaxial growth are not observed. For concentrated Zn(Tf,N),
solutions, by contrast, the microstructure is classified as FT. To
consider whether the loss of free water suppresses the electrodeposi-
tion, the change in the microstructure is compared to the growth
types shown in Fig. 10, which corresponds to a decrease in the
inhibition intensity. This is not the case with the use of additives,
adsorption of anions and/or the complexation of metal ions.
Consequently, the electrodeposition behaviors in the case of loss
of free water differ from these conventional trends.
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Figure 7. Linear sweep voltammograms with ohmic compensation using Cu
substrates at a scan rate of 10 mV s~ for the mixed solutions with [Zn>*] =
2.0 mol kg™".
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Figure 8. XRD profiles of Zn electrodeposits obtained from mixed solutions
with [Zn®"] = 2.0 mol kg™'. Solid circles and open circles indicate Zn
electrodeposits and Cu substrates, respectively.
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Figure 9. SEM images of Zn electrodeposits obtained from the mixed solutions with [Zn**] = 2.0 mol kg_l; x = (a) 0.00, (b) 0.01, (c) 0.10, (d) 0.20, and

(e) 1.00. Insets show SEM images with higher magnification.
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Figure 10. Illustration of an accepted correlation between the microstructure
of electrodeposits and conditions, such as current density, solute concentra-
tion, and inhibition intensity in conventional aqueous solutions.*>~>3

Notably, in the Zn(Tf,N), and ZnSO, cases, the enhanced
interaction between hydrated Zn”>" and anions with increasing solute
concentration gives rise to a decrease in the basal-plane orientation

as shown in Fig. 4. The decrease in the basal-plane orientation due to
the enhanced interaction is related to these conventional trends.**~°
Similarly to the complexation of ions, the enhanced interactions can
inhibit the discharge, although this inhibition is weaker than that in
the presence of complexation. In brief, the increase in Zn(Tf,N), or
ZnSO,4 molality can increase the inhibition intensity and change
gradually from the microstructure classified as FT to that as UD. For
this reason, increasing Zn(Tf,N), concentration to 3.5 mol kg’1
weakens basal-plane orientation as shown in Fig. 4a. Similarly, the
ZnSO, molality gives rise to decrease basal-plane orientation as
shown in Fig. 4b, and make smaller the grain size of Zn crystals as
shown in Fig. 5.

Effect of loss of free water on Zn electrodeposition.—As
mentioned in the Introduction, Zn electrodeposition competes with
hydrogen adsorption and/or evolution during cathodic reactions due
to the relatively negative electrode potential of Zn. Several inves-
tigations have reported that the discharge of Zn>" cations is a two-
step reaction involving the formation of intermediate Zn™ adions and
adsorbed hydrogen atoms inhibit the discharge.** ™ Adsorbed
hydrogen has also been suggested to adsorb on active sites for the
electrodeposition, such as kink sites.*> For these reasons, the number
of adsorbed hydrogen can affect the nucleation and growth of Zn
crystals.

A decrease in the amount of free water by increasing concentra-
tions has been reported to suppress hydrogen evolution due to proton
reduction.'*'® Similarly, hydrogen adsorption due to proton reduction,
as well as the hydrogen evolution, can be suppressed in Zn(Tf,N),
solutions with a loss of free water compared to ZnSO, solutions.
Besides, the positive shift in open-circuit potentials in Zn(Tf,N),
solutions compared to ZnSQO, solutions (see Tables I and II) can
decrease contributions of hydrogen evolution/adsorption to competing
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Figure 11. Schematic illustrations of nucleation and/or growth of Zn crystals when the amount of adsorbed hydrogen atoms is (a) large and (b) small. Red lines

represent hcp basal planes.

Zn electrodeposition. For these reasons, the number of adsorbed
hydrogen atoms will decrease in the concentrated Zn(Tf,N), solutions
much more than in the concentrated ZnSO, solutions despite similar
pH values. Notably, even in the ZnSO, solutions, the number of
adsorbed hydrogens is inherently small due to the low strength of the
Zn—H bond.*®

Because the adsorbed hydrogen inhibits surface diffusion of the
adions, newly Zn nuclei can be easily generated before the adions
diffuse to already existing Zn crystals. Also, hydrogen adsorption on
the active sites can inhibit incorporating the adions into the Zn
crystals, i.e., the growth of Zn crystals. In other words, the decreased
number of adsorbed hydrogen can promote surface diffusion of Zn™
adions and the growth of Zn crystals. Since the interfacial free
energy of basal planes of hep structure is the lowest, the expansion
of basal planes is advantageous for decreasing the interfacial free
energy of electrodeposits. For this reason, basal-plane oriented
crystals are more geometrically advantageous for the horizontal
growth of the electrode than those oriented to other planes.

Figure 11 shows schematic images of the effects of hydrogen
adsorption on nucleation and/or growth of Zn crystals. In the case of
a large amount of adsorbed hydrogen atoms, surface diffusion of
Zn" adions and Zn growth will be inhibited by adsorbed hydrogens
(see Fig. 11a). For this reason, the horizontal growth of basal-plane
oriented crystals will be disadvantageous. By contrast, in the case of
few adsorbed hydrogen atoms, there is little geometrical limitation
for horizontal growth of basal-plane oriented crystals (see Fig. 11b).
Therefore, this easier growth by removing the geometrical limitation
can lead to the preferred orientation of basal planes. In other words,
by the use of Tf,N™ anions free water is lost and hydrogen adsorption
is suppressed, resulting in the change in Zn electrodeposition
behaviors.

The use of concentrated aqueous systems with the suppression of
hydrogen adsorption could simplify various industrial processes.
One is a baking treatment performed after Zn electroplating on
steels. The baking treatment is necessary to remove residual
hydrogen atoms in the substrates because this residue causes
hydrogen embrittlement and degrades the mechanical properties of
the substrates.*’”*® There is a possibility that the use of concentrated
aqueous systems decreases the risk of hydrogen embrittlement. We
intend to explore this possibility in future studies because the role of
reducing the hydrogen adsorption on the mechanical property of Zn
electroplated steels is also of interest.

Conclusions

We have investigated the effect of loss of free water on Zn
electrodeposition behaviors by the use of concentrated Zn(Tf,N),
and ZnSO, aqueous solutions. Increasing Tf,N™ concentration
enhanced water-anion interactions, giving the breakdown of the
hydrogen-bonding networks of water clusters and the loss of free

water in stark contrast to the case of ZnSQO, solutions. Hep basal-
plane oriented electrodeposits were obtained only from concentrated
Zn(Tf,N), solutions. The use of mixed Zn(Tf,N),-ZnSO, solutions
proved that the loss of free water, not Tf,N™ adsorption, changes the
electrodeposition behavior. This change differs from conventional
trends of metal electrodeposition using conventional aqueous
systems. The loss of free water suppresses hydrogen adsorption on
the electrode, giving that surface diffusion of Zn™ adions and growth
of Zn crystals promote. The promotions and the easier growth of Zn
basal planes with the lowest interfacial free energy induce the basal-
plane oriented electrodeposits.

The use of concentrated aqueous solutions can improve not only
the stability of electrolytes in electrochemical devices but also the
current electrodeposition processes due to the suppression of
hydrogen adsorption. We are confident that this viewpoint will
contribute to a deeper understanding of the electrodeposition
behaviors of various metals and the improvements of the surface
properties of electrodeposits using concentrated aqueous systems.
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