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Electrodeposition Growth of Oriented ZnO Depositsin lonic

Liquid Media
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2 aboratoire de Reactivité et Chimie des Solides and ALISTORE European Research Ingtitute, UMR CNRS 7314,

UFR des Sciences, 80039 Amiens Cedex, France

bCIRIMAT/LCMIE and ALISTORE European Research Institute, UMR CNRS 5085, 31062 Toulouse Cedex 9, France

ZnO is a material of great interest for microelectronics because it offers a panel of attractive physica properties. It has been
grown for decades as thin films from a wide variety of physical-chemical deposition techniques, most of them leading to
films oriented with the polar direction perpendicular to the substrate. Here we report the electrodeposition of ZnO in ionic
liquids (EMIMTFSI (1-ethyl-3methylimidazolium bis(trifluoromethylsulfonyl)imide), BMPTFSI (1-Butyl-1-Methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide) or BMImTf (1-butyl-3-methylimidazolium trifluoromethanesulfonate)), together with the feasi-
bility of manipulating the growth orientation of the ZnO deposits by adding the proper co-solvent to ionic liquid. We establish solvent
dielectric constant as akey parameter to tailor the deposit growth direction. Moreover, viathe use of Electrochemical Quartz Crystal
Microbalance (EQCM) measurements, we determine the importance of the competition between Zn?t and O, reduction to properly
trigger the transport phenomena leading to the growth of ZnO. Thiswork provides insight which can be implemented to the growth
of other binary and ternary oxides depositsin ionic liquid media, afield still poorly explored.

DOI: 10.1149/2.027212jes]

Room temperature lonic Liquids (RTIL) possess many attractive
chemical/physical properties. They are non-flammable, display very
high thermal stability together with negligible vapor pressure and are
good solvents for numerous salts and polymers.>? Such properties
are a the origin of their wide use in many research fields with an
ongoing increasing interest in the synthesis of inorganic materials;
such a synthesis involving either ionothermal® or electrodeposition.*
Moreover by changing the nature of the cations and anions, ILs can
be designed for specific applications.> Owing to their relatively high
ion conductivity, (0.2 Q~*.cm?) together with their high thermal
and electrochemical stability (electrochemical window up to 45V
are reported), they stand as an aternative promising medium to wa-
ter in the field of electrochemistry.* Such attractive characteristics
have so far been widely exploited for the electrodeposition of metals
and semiconductors*®=® and very recently for binary compounds like
CuS.° Additionally, control over the morphology and structure of
the deposit can be achieved via tuning of the deposition conditions
(temperature, wide potential window, changing cations and anions of
IL, additives, mixtures of solvents, etc.#¢10), Last, the specific inter-
actions of IL with the electrode surface upon applied potential (which
have been recently studied by afew groups) and the deposit itself may
provide additional new possibilitiesto adjust/orient nucleation-growth
mechanisms 115

Reduction of oxygenin lonic Liquidsis being extensively studied
by many groups.*® A common belief is that oxygen undergoes a
2 steps reduction enlisting sequentially the formation of superoxide
and later on peroxide anions, both of them are stable at room tem-
peratureinionic liquid media. Such a medium was recently exploited
to ele%trochemically synthesize metal oxides like NiO,'°® ZnO?% or
Ce0,.2t

Zinc oxide isanon toxic direct wide-bandgap (3.3 eV) transparent
semiconductor material widely used in the fields of chemica sen-
sors, piezoelectric transducers, light emitting devices, photosensors
and photovoltaic cells.?? ZnO thin films can be deposited by several
techniques such as sputtering,® pulsed laser deposition,?*?> spray
pyrolysis,?® chemical bath deposition,?” and electrodeposition, -3
the latter being the simplest. A variety of morphologies has been ob-
tained depending on the used technique and conditions.®? Physical
synthesis techniques® as well as deposition from polar solvents like
H,0%:% and DM SO®! mostly lead to ZnO material oriented along the
polar direction z[001] or lack of any orientation. Recently, 2 groups
have shown that the preferential orientation along non-polar direc-
tions <hk0> can be obtained by either electrodeposition in RTIL%
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or by pulsed laser deposition;?® also partial tilt from z direction was
observed by electrodeposition from a water-isopropanol mixture.®
Prasad et al.* suggested that a change in dielectric constant of the
solution could be responsible for the different orientations of the ZnO
crystals with favorable polar orientation for solutions with high di-
electric constant. This non-polar orientation is especially interesting
for photovoltaic cells applications, light emitting devices®™ and sur-
face acoustic wave devices,*® hence our desire to revisit the growth of
ZnOinionic liquid mediafollowing arecent paper by Azacetaet al .2

In this study we report the influence of temperature, substrate,
nature of the ionic liquid, and electrochemical deposition conditions
(potential and others) on the morphology and crystal structure of
electrochemically grown ZnO films, and we show how the EQCM
experiments can help to investigate the nucl eation-growth mechanism
of ZnO films. Finaly the explanation of the growth of ZnO in non-
polar direction will be given.

Experimental

ZnO deposition.— The electrochemical bath was composed of
Zn(TFSl), (Solvionic) solution in IL either EMIMTFS| (1-ethyl-
3methylimidazolium bis(trifluoromethylsulfonyl)imide), BMPTFSI
(1-Butyl-1-Methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide)
or BMImTf (1-butyl-3-methylimidazolium trifluoromethanesul-
fonate) ordered from Solvionic 99,9% pure (H,O < 0,005%) with
the final solution being saturated with oxygen (Alphagaz, water con-
tent < 1 ppm) that was purified by passing through the column filled
withdry P,Os. Prior to being used, the L swere purified under vacuum
at 75°C for 2 days; the final water content was ~6 ppm as checked by
Karl Fischer measurement. High purity DM SO and toluene (stored
in the glove box, water <0.1 ppm) were used for the mixture baths
(2:38 volumetric ratio solvent:IL). The Zn(TFSl), salt was chosen as
zinc cation precursor in order to avoid addition of highly corrosive
chlorides (ZnCl,). If not otherwise specified the concentration of zinc
cations at the beginning of deposition was 0.12 M. A three-electrode
set-up was used for electrochemical measurements (chronoamperoms-
etry and cyclic voltammetry) with the WE and CE el ectrodes oriented
horizontally (only in the case of indium tin oxide substrate the config-
uration was vertical). Three different substrates were used as working
electrodes (WE) - Platinum (Pt), Stainless steel (SS) and Indium Tin
Oxide (ITO), with respectivesurfacesareasof S= 1.25 cm? for SSand
Pt and 0.75 cm? for I TO. The counter electrode (CE) was a platinum
grid with high surface area (S~ 2 cm?). The Ag wire was used asthe
pseudo reference electrode dueto its stability at high temperature. All
the values of potential will be given versus the pseudo Ag reference
electrode if not otherwise specified. Prior to being used, the WE and
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CE electrodes were cleaned in 2M nitric acid in ultrasonic bath for
1h, and then intensively rinsed with distilled water and ethanol. All
the components of the cell were dried in the oven (50°C) for 2 hours
before the experiment. The cell wasimmersed in the oil bath whilethe
temperature was controlled with a £2°C difference between heating
and deposition bath.

The electrochemical measurements were carried out with Autolab
PGSTAT 30 potentiostat (Eco Chemie BV). All the CVs measure-
ments were performed starting from the OCV with a reduction scan
followed by the oxidation one. The potential range for el ectrodeposi-
tion was chosen in the range of 1L electrochemical stability window
(—0.8to —1.9 V versus Ag) and the electrodeposition time was se-
lected according to other conditions (1h to 4h). The electrodeposition
was performed at 2 different temperatures 20 and 100°C. The bath
was bubbled with oxygen before and during the measurement. The
obtained deposits were thoroughly rinsed with acetone and soaked
in dichloromethane for 4h in order to remove adsorbed IL from the
surface.

The morphology and crystal structure of deposits were analyzed
using Philips XL 30 field emission gun FEG microscope and Bruker
D4 diffractometer with copper radiation, respectively. The Transmis-
sion electron microscopy measurementswere performed on FEI TEC-
NAI F20 S-TWIN microscope.

The EQCM measurements were carried out using commercial
SEIKO microbalance with AT-cut 9 MHz quartz covered with plat-
inum on both sides. The electroactive geometric surface area was
equal to S = 0.196 cm?. A simultaneous measurement of the quartz
frequency and resistance was donein order to subtract theinfluence of
bath viscosity and density on the frequency change asit was observed
in AgTFSI solution.®” Prior to the measurement, the EQCM was
calibrated, with 0.05M solution of AgTFSI in EMIMTFS| at 100°C
with 2 mV - s71 scanning rate, to determine proportionality constant
(Am = C. Af)® between the change of quartz frequency (Af) and
change of deposited mass (Am). A constant C value of 1.065 ng/Hz
close to the theoretical one of 1.068 ng/Hz was found suggesting that
issues regarding viscosity of the bath or roughness of the substrate can
be neglected. So, to analyze the EQCM data, the function M/z (mo-
lar mass over number of exchanged electrons) was simply calculated
according to equation 1 and Faraday’s laws of electrolysis, assuming
that the reaction efficiency is near 100%.

M dAf
S = FC Te) [1]

Under such conditions, the expected value of M/z for the growth of
ZnO, which relieson a2 e~ process, is41 g- mol . The CV's (scan-
ning rate 2mV/s) measurement was performed in 0.12 M Zn(TFSl),
solutionin EMImTFSI at 100°C under O, atmosphere. During the ex-
periment, the oxygen was only flushed over the solution not to disturb
microbal ance performances.

Results and Discussion

CV of bath components— We initially surveyed the influence of
temperature and concentration of the zinc cations on the reduction
of oxygen and found, in agreement with Azaceta et a., that both
cations content and temperature enhance the reduction of oxygen.
Since our studies were performed with different substrates using dif-
ferent solutions, we judged useful to report the CV curvesfor the bath
components separately and all together at 100°C on Pt substrate.

Figure 1 presents the CVs curves of bath components. The reduc-
tion stability of EMIMTFSI was limited to —2.0 V (Fig. 1a, black
curve). For the pure IL saturated with O, (Fig. 1b, red curve) two
reduction waves were observed, one (A) centered at E= —1V (onset
aE=-0.7V, seeinset on Figure 1a) and asecond (B) at E= —1.4V,
consistent with the two-step oxygen reduction process reported in the
literature.'® For the 0.12 M Zn(TFSl), solution under Ar atmosphere
(Fig. 1c, green curve) we observed a single reduction peak (D) at
E = —1.23 V due to the reduction of Zn?* to Zn® with, however, a
small preceding wave (C) which can be due to the underpotential
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Figure1. CVscurves of electrochemica bath components separately and all
together. (&) black curve — pure ionic liquid under Argon atmosphere, (b) red
curve — pure ionic liquid under oxygen atmosphere, (c) green curve —0,12 M
Zn(TFSl), solution under Ar atmosphere, (d) blue curve —0,12 M Zn(TFSl)»
solution under O, atmosphere. T = 100°C, WE —Pt, CE —Pt, RE-Ag, scan rate
50 mV - s~1. Theinset - magnification of the reduction step for all the curves.
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Figure2. EQCM measurements: (a) | versus E curve, (b) M/z function versus
potential, red (reduction sweep) and blue (oxidation sweep) curve. 0.12 M
Zn(TFSl), solution under O, atmosphere. a corresponds to ZnO deposition, B
correspondsto Zn deposition. T = 100°C, WE — Pt on quartz, CE —Pt, RE-Ag,
scanrate2 mv -sL,

deposition of Zn. Two peaks located at E = —0.41 and —0.13 V (E
and F, respectively) are observed on oxidation. Although we don’'t
have a clear explanation, these two peaks, whose amplitude ratio was
found to vary with the number of scans (annex Fig. 1*), could be
rooted in either the existence of two zinc morphol ogies with different
oxidation energies (as suggested by Abbott et al. based on simultane-
ousin situ AFM and EQCM measurements)*4° or different kinds of
complexation of Zn?* cations by TFSI~ anions. Last, when O, and
Zr?+ are present inthe solution (Fig. 1d, blue curve), we noted the ap-
pearance of two reduction waves centered at E= —1.20and —1.70V
(A’ and B’ respectively) and no oxidation signals. The first reduction
wave is shifted to negative values as compared to what was found for
O, in pure EMIMTFSI (Fig. 1b, red curve) and this independently of
the substrate SS or ITO (annex Fig. 3a, 3b*) that we were using. It
could be caused by achangeof physical parametersof IL inthevicinity
of WE (viscosity, changein doublelayer) when zinc cations are added.

To grasp further insight into the nature of those two reduction
peaks we decided to carry EQCM measurements while performing
cyclic voltammetry at arate of 2mV/s (Fig. 2). Such a slow rate was
purposely used to obtain better resolution (because of lower ohmic
drop) as well as a good microbalance response. Figures 2a and 2b
represent CV's curve and change of M/z value versus potentia, re-
spectively. At the beginning of reduction (Fig. 2b red curve) a sharp
increase in M/z value (M/z = 56) is observed, most probably due to
the nucl eation process (formation of deposits) aswell as adsorption of
the ions on to the electrode.** Once the thin compact layer isformed,
the M/z stabilizes at avalue of 41 g- mol—2, asexpected for zinc oxide
deposition. This means also that the reaction is almost 100% efficient
asin our previous assumption. Additionally, during the first reduction

peak a drop of resistance of about 20 ohms is observed (annex Fig.
2b*), and it corresponds to adecrease in viscosity/density of the solu-
tion near the electrode surface caused by depletion of zinc cations, as
mentioned in the experimental part. According to the final deposition
product ZnO (M/z = 41 g- mol~—1) we could assign the first reduction
peak to the formation of superoxide ions as indicated on Figure 2a.
Turning to the second reduction peak a“sinusoidal-type” variation of
the M/z value is observed. It is concomitant with the appearance of
a dlightly gray deposit, indicating the deposit of metallic zinc (M/z
= 33for the 2 electron reduction reaction of Zinc cations). Thevaria-
tion of the M/z value between 33 and 41 further indicates an alternating
process of reduction of zinc cations to metallic zinc and oxygen to
peroxide ions as indicated on Figure 2a. On the reverse sweep avery
small and broad oxidation wave was observed while the gray color
of deposit diminished. The absence of well-defined oxidation peak
for Zn means that the reduction/oxidation process of Zn/Zn?* couple
in the presence of oxygen is poorly reversible, probably due to the
increasing amount of anearly insulating ZnO deposit.

The above experimental protocol was implemented to study the
effect of changing the nature of the substrate, the nature of the ionic
liquid, the temperature or the solvents. Whatever the modifications
made, weshortly found that theoverall shape of the CV curvecollected
on Pt substrate was preserved (annex Fig. 3, 4*) with therefore minor
changesontheonset positionsand amplitudesof theredox peaks. Such
shifts on the onset potentials of the reduction peaks are summarized,
for instance, in annex (Tables|, Il and I11*) for different conditions.

Potentiostatic electrodeposition.— All the electrodeposition con-
ditions are summarized in Table . From now on if not otherwise
specified, the deposition conditions: 0.12 M Zn(TFSI), solution in
EMIMTFSI, T = 100°C, E = —1.00 V, t = 2h will be considered as
the reference conditions. Based on EQCM measurement we limited
the potential deposition range (for deposition at 100 C) from —0.8 V
to —1.2'V to avoid electrodeposition of metallic Zinc, at this potential
range formation of super oxide occurs. In case of mixtures DM SO and
toluene with IL the experiment had to be terminated before planned
time due to a changein bath color.

Figure 3a(black curve) representsthe current profile of chronoam-
perometric experiment at reference conditions. We initially observed
a huge increase in current which then slightly decreased prior to sta-
bilizing and reaching steady state. This is the typical characteristic
of a nucleation-growth mechanism with the current downturn corre-
sponding to the time at which the grains start to grow (e.g., decrease
in the current is due to increase in surface area).*® Once the thin layer
iscreated thereisastabilization of the current most likely due to mass
transport limitation (e.g., diffusion of O, toward the electrode).

The current profile for deposition at 100 °C at lower potential
(—1.20 V) significantly differs (Fig. 3a, green curve) since the char-
acteristic valley on the | = f(t) is no longer observed. In contrast,
after 400 s (as indicated by black lines and arrows) there is a high
decrease in current, probably due to deposition of ZnO with different

Tablel. Electrodeposition conditionsfor all the baths. The deposit
obtained from the conditions marked with star * is a reference
deposit.

Chronoamperometric deposition

mixture Substrate Temp/°C E/V T/s
EMIMTFSI* Pt 100 —1.00 7200
EMIMTFSI Pt RT —-1.85 14400
EMIMTFSI Pt 100 —-1.20 5100
EMIMTFSI SS 100 —-1.10 7200
EMIMTFSI ITO 100 -1.12 7200
BMPTFSI Pt 100 —0.85 7200
BMImTf Pt 100 -0.90 7200
H2O: EMIMTFSI Pt 100 —0.90 7200
DMSO: EMIMTFSI Pt 100 -1.20 3000
Toluene: EMIMTFSI Pt 100 -125 5500
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Figure 3. Current profiles of chronopotentiometric experiments. (a) different temperatures and potential, (b) different lonic Liquids, (c) different substrates,
(d) mixtures of IL with other solvents. Inset represent the beginning of the deposition.

morphologies, and then after 1500 s (see arrow on the curve) a second
very sharp decrease in current most likely due to the deposition of
metallic zinc. Surprisingly this behavior is no longer observed when
the deposition proceeds at RT and lower potential (—1.85 V) sincethe
| = f(t) curve shows a diffusion limited current process (Fig. 3ared
curve) associated to an excess of oxygen (O,*~) which captures Zn>*
prior to being reduced. Most probably at such low potential we have
the formation of peroxideionsinstead of superoxide that changes the
mechanism of ZnO synthesis compared to the deposition at 100 C at
potentials higher than —1.2 V.

Changes in the nature of the ionic liquids are found to affect the
overall shape of the current profile (Fig. 3b). For instance, with a
BMPTFSI and BMImTf solution, the process spreads over time as
the initial valley in the current profile prior stabilization takes more
than 2000swhilefor EMIMTFSI solutionit isafew hundreds seconds
(200s). The time difference effect is most likely nested in the specific
interaction of IL with the surface of newly deposited particles and
substrate that probably differs according to the type of IL.

Turning to the nature of the substrate we found that it had agreater
impact on the current profile (Fig. 3c) since, for instance, the charac-
teristic valley on the |-t curve for nucleation and growth mechanismis
not very well defined in the case of SS substrate (Fig. 3c green curve).

Last, we experienced that the addition of extra solvent as toluene
or DM SO did not influence the shape of the current profile (Fig. 3d).
Thisisin contrast with the addition of H,O (Fig. 3d red curve) which

dlightly changes the shape of the current profile with i) the absence of
valley on| =f(t) curve, and i) theappearance of awavy current profile
which we assigned to changes in the morphology of the deposits asit
will be discussed |ater.

Deposit morphology.— Figures 4, 5 present the SEM images of
individual deposits with at first the reference deposit, obtained at
100°C witha0.12 M Zn(TFSl), solution in EMImMTFSI when clamp-
ing the potential at —1.00 V for 2 hours, and which is transparent.
It is composed of athin compact layer (~500nm) with, in addition,
200-300 nm grains on top as can be seen in Figures 4a and 4b. It
is worth noting that cracks are not initially present in the film but
are developing upon long beam exposure (annex Fig. 5*). To grasp
more insight in the primary particles we carried TEM measurements
which indicate that the deposit is made of very small crystallites
(6 nm) as deduced by HRTEM measurement (annex Fig. 6*). From
EDX we also spotted peaks associated to F and S suggesting the
presence of residua ionic liquid that could not be fully eliminated
even after several washings with methane dichloride. This does not
come as a total surprise since we previously experienced a similar
surface contamination for al the powders we have so far prepared by
ionothermal synthesis even after copious washing either in dimethyl
chlorine or ethyl acetate.*?

Lowering the electrodeposition potential to —1.2 V leads to an
inhomogeneous deposit (Fig. 4c, 4d) composed of 3 different layers
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Figure 4. SEM images of particular deposits: (a,b) 100°C, —1.00 V, 0.12 M
Zn(TFSl)2 in EMIMTFESI on Pt (reference deposit); (c,d) 100°C, —1.20 V,
0.12M Zn(TFSl)2 in EMIMTFSI on Pt; (e) RT, —1.85V, 0.12M Zn(TFSl)2 in
EMIMTFS! on Pt; (f) RT, —1.85V, 0.012 M Zn(TFSl); in EMIMTFS! on Pt.

as suggested by the current profile (Fig. 3a green curve). Departing
from the Pt substrate we first found i) a compact thin layer of ZnO
~ 500 nm thick (layer 1, Fig. 4c) which is alike the one grown at —
1.0V, ii) another compact layer of ZnO grains with hexagonal shape
(layer 2, Fig. 4c and 4d), and iii) last a non adhesive sponge-like layer
composed of Zn metal (layer 3, Fig. 4d inset). Such an inhomoge-
neous deposition is believed to be due to the rapid decrease in oxygen
concentration near the sample deposit surface. Thisis consistent with
early reportswhich mentioned that the concentration of theingredients
within the bath has a huge influence on the deposit morphology.*°

Turning to the room temperature depositionat —1.85V in 0.12 M
Zn(TFSl), inEMIMTFSI, weobtained (Fig. 4e) agrayishlayer deposit
which shows crackstogether with acopiousamount of 1iumbiggrains.
Interestingly, by decreasing the concentration of Zn cationsby afactor
of 10, we obtained a different morphology with namely the alignment
of ZnO grainsin astrip-like shape with equal spacing (5 j.m) between
strips (see arrows Fig. 4f). Such a pattern, which we found to be
intrinsic to the deposit growth, can be nested in a specific interaction
of IL with substrate (coupling of the platinum wave functions with
the m orbitals of the imidazolium cations as early mentioned5)
favoring such an alignment. The local arrangement of IL (e.g. liquid-
crystal type) could causethe orientationin deposit too. Thisispossible
since we early demonstrated in our ionothermal synthesis work the
feasibility of using ionic liquids as structural directing agent.*

Such a specific IL-substrate interaction seems to disappear with
temperature since we found that at 100 °C neither the type of the IL
(Fig. 5a and 5b) nor the substrate influence (Fig. 5¢ and 5d) signifi-
cantly affect the morphology of the deposits with the exception of the
deposit density. In all the cases a thin transparent layer topped with a
few ZnO grains was obtained as in the case of the reference deposit.

a) BMPTFSI lonic Liquid b) BMImTf lonic Liquid

c) SSsubstrate d) ITO substrate

e) DMSO:IL mixture f) Toluene: IL mixture

J

Figure 5. SEM images of particular deposits: (a) 100°C, —0.85 V, 0.12 M
Zn(TFSl)2 in BMPTFSI on Pt, (b) 100°C, —0.90 V, 0.12 M Zn(TFSl); in
BMImTf on Pt (c) 100°C, —1.10V, 0.12 M Zn(TFSl); in EMImTFSI on SS,
(d) 100°C, —1.12 V, 0.12 M Zn(TFSl), in EMIMTFS! on ITO, () 100°C,
—1.20V, 0.12M Zn(TFSl), in DMSO:EMIMTFSI on P, (f) 100°C, —1.25V,
0.12 M Zn(TFSl); in toluen:EMImTFSI on Pt.

Last, electrodeposition was also carried out with the additions of
many solvents, such astoluene, DM SO, H,Oto our ionicliquid media.
In the case of DMSO:IL mixture the 250 nm deposit reveals many
valleys and hills as well as some cracks (Fig. 5€). In contrast alower
surface roughness was observed for the 300 nm deposits grown in a
toluene:IL mixture (Fig. 5f) with therefore the presence of hole-like
spots, which could originate from a partial evaporation of trapped
toluene molecules (Fig. 5f inset). The morphology of the deposits
grown in H,O:IL mixture (annex Fig. 7*) totally changed, and it is
composed of grains with very sharp edges which create a compact
layer. Nevertheless, by tuning the deposition time we found out that
transparent ZnO thin film alike in our reference can be obtained.

Crystal Sructure— Figure 6, 7 present the XRD patterns of all
deposits as well as the projection of stack of ZnO unit cells along
polar direction. The amplitude of the peaks is very low with respect
to the substrate ones due to tiny amounts of deposit. Moreover, they
are broad as compared to commercial ZnO powder confirming the
presence of small crystallites as indicated by microscopy. For the
reference deposit (Fig. 6b), many of the peaks expected from the
ZnO hexagonal crystal structure are absent suggesting a preferential
orientation of thedeposit. Theappearance of the (100) and (110) Bragg
peaks together with the absence of (002) indicates a high orientation
of the reference deposit in (hk0) direction.

We found that the orientation of the deposit islost (Fig. 6b) when
the deposition is performed at lower potential (—1.2 V) and 100°C,
due to the non-homogeneity of the deposit (3 layers). The samples
prepared at RT were featureless (Fig. 6b) due to poor crystallinity as
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on Pt at —1V; 100°C deposit from EMIMTFSI onPtat —1.2 V.

confirmed by the SAED patterns which are quite diffused. Neverthe-
less, the ED patterns were found to improve upon long exposure to
electron beam implying a high temperature-driven crystallization.
The non-polar orientation ((hkO) growth direction) remained un-
changed whatever the nature of IL or substrate we have been using
(Fig. 7aand 7b). This suggests that this specific orientation is most
likely nested in the nature of the solvent which could affect the dielec-
tric constant (Imidazolium and pyrrolidinium based IL possess very
low dielectric constant value in range of 10-15*) or viscosity of the
electrolytic bath. To test this hypothesis we have performed el ectrode-
position from mixtures of solvents starting with non-agueous ones.
The XRD powder pattern collected for a deposit grown in DM SO:IL
mixture (increase in dielectric constant value while maintaining high
viscosity) reveal s the presence of the (002) Bragg peak which implies
the loss of the non-polar growth direction (Fig. 7c). In contrast, films
prepared from toluene:IL mixture (decrease in viscosity while main-
taining low dielectric constant) are alike those obtained in IL aone
(Fig. 7c). This indirectly suggests that the dielectric constant of the
solvent plays a significant part in controlling deposit orientation.
Now turning to H,O:IL media, theresultsare quitedifferent (annex
Fig. 8*). The XRD pattern shows 4 peaks out of which two only
match the 26 positions corresponding to the (100) and (110) Bragg
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Figure 7. XRD patterns of deposits and substrates: (a) (from the bottom
to top) different IL deposits, EMIMTFSI; BMPTFSI; BMImTf. (b) different
substrates, 100°C deposit from EMIMTFSI on Pt; SSraw substrate; deposit on
SS; ITO raw substrate; deposit on ITO. (c) mixtures of IL with other solvents,
100°C deposit from EMIMTFSI on Pt; IL:DMSO; IL:toluene.

peaks of hexagonal ZnO. The amplitude of the two remaining ones,
which we identified as corresponding to zinc hydroxide Zn(OH),
from both IR and XRD measurements, were found to change with
the electrolytic bath conditions. We found that pure Zn(OH), thin
films can be obtained at RT from H,O:IL mixture; such a phase
was shown to transform upon heat-treatment at 200°C into hexagonal
ZnO keeping its non polar orientation, giving us a second route to
obtain this specific orientation. Moreover for deposition at 100 °C the
longer the bath was kept at 100°C the lower the amount of Zn(OH),
was obtained, due to evaporation of water from the bath. After 2hrs
preheating, only pure ZnO could be deposited.



Discussion

ZnOismainly grown in the polar direction viaphysical deposition
techniques. This contrast with our present work which indicates that
ZnO thin film deposits can be grown in the non-polar direction via
electrodeposition provided that we manipulate the dielectric constant
of electrolytic bath composition. It now pertains to us to provide a
rational explanation to account for such an observation and to return
to the EQCM measurements.

The sinusoidal variation of M/z value during the second reduction
wave (Fig. 2b) suggests that the reactions taking place at the el ectrode
are ruled by transport phenomena, hence the importance of the huge
difference in diffusion coefficients of the reacting species Zn**(Dgr
= ~107%?),% O, (Drr = ~10719Y and intermediate species O,~
(Dgr = ~10)Y" as well as difference in concentrations O, (Cgr
= 0.005 M¥"), Zn (C = 0.12 M), making the diffusion of molecular
oxygen much faster than zinc cations. It results that, depending on the
chosen deposition potential, which can be either before reduction of
zinc cations (high potential) or after the onset of zinc reduction (low
potential), two scenarios can be envisioned.

At high potential (—1.0 V) and 100°C the growth of ZnO can be
explained as follows. Firstly, the produced superoxide accumulates
near the electrode due to its low diffusion coefficient as compared
to molecular oxygen, and this is experimentaly confirmed by the
small lag between the frequency change and beginning of oxygen
reduction observed during EQCM measurements (annex Fig. 2a*).
L ater superoxide ions O, react with Zn?* causing its depletion near
the electrode (as indicated by drop in resistance annex Fig. 2b*)
with the end result being a transportation controlled deposition of
compact ZnO layer. Occasionally, we have additional growth of ZnO
grains over this thin layer which can be due to either changes in the
oxygen concentration at the vicinity of the electrode or changesin the
conductivity of theactive surface, vianon homogeneity of thicknesses,
sinceZnOishighly resistive. Thereduction of Zn?* cannot occur since
the potential is too high.

For the 100°C deposition at low potential (—1.2 V wherereduction
of zinc cations is possible Fig. 1c), even though the concentration of
Zinc cations is around 25 times higher than molecular oxygen (Co;
= 0.005 M), the first steps of electrodeposition are similar to the
high potential deposition. At the beginning, only O, is reduced and
the thin layer of ZnO is formed. After a certain time (400s) a thin
layer is formed (Fig. 3a) and the growth of second ZnO morphology
starts; further deposition of Zn occurs (after 1500 s) due to a decrease
in concentration of oxygen in the vicinity of the electrode (the flux of
oxygen is not sufficient to react with all Zn>* near the double layer).
Thisisalso confirmed by EQCM measurements (Fig. 2), where alter-
native reactions of zinc and oxygen reduction occur, because the M/z
value varies between 41 and 33 at low potentials. In contrast, when the
deposition is done at RT no zinc reduction occurred at very low po-
tential (—1.85 V), even after along time (4h), indicating that the Zn?*
reductionistotally suppressed (Fig. 3a). Changesin the concentration
of molecular oxygen in the bath at low and high temperatures, change
of the reaction mechanism (formation of peroxides that may form a
blocking diffusion layer) as well as changes in the coordination of
Zinc cations upon heating could be at the origin of such a difference.

Turning to the deposit growth direction we show that it can be
switched from polar (along (00l)) to non polar (along (hk0)) depend-
ing upon the composition of the electrodeposition bath. It was earlier
reported that highly polar solvents like water,® DMSO®! or mixture
of DMSO with IL (as we reported) lead to deposits either oriented in
the polar direction or with random orientation. Here we have pushed
this observation further by showing that solvents with low dielectric
constant EMImMTFSI (e = 12.0)* and more so toluene (s = 2.38) lead
to deposits oriented along the non-polar direction, clearly stressing
theimportance of solvent dielectric constant in ruling the ZnO growth
direction. Moreover, we show that using ionic liquid conjointly with
another solvent such as toluene enables to overcome the poor ionic
liquid viscosity so asto improve transfer phenomena. Needless to say
that dilution effect (IL + Solvent) can a so influence the coordination

of the zinc cations and hence drastically affect the el ectrodeposition
process asit is observed with the addition of water.

Conclusions

We have reported the el ectrodeposition growth in ionic liquid me-
dia of ZnO depositson Pt, SS, ITO substrates. From combined XRD
and SEM/TEM measurements we have shown that neither the sub-
strate, cation nor anion character of IL (possessing low dielectric
constant value) does influence the morphology or crystal structure
of the deposit in contrast to both deposition potential and tempera-
ture, with for the latter amorphous deposits for films grown at RT
as opposed to well crystalline and (hkO) oriented deposits for 100°C
grown films. We have provided direct evidence, via well selected
solvent additives as DM SO and toluene, having different dielectric
constants (e = 46.7 and ¢ = 2.38, respectively), that the film growth
orientation is mainly governed by solvent dielectric constant. So it
results that mixtures of ILs-solvents can be manipulated to orient on
the demand the growth direction of the ZnO deposits, provided the
absence of water traces usually promoting the deposition of metal
hydroxide.

More broadly we have shown how EQCM measurements can be
used to follow the nucl eation-growth mechanism process and to probe
thetype of reactionstaking place at the el ectrolyte-substrate interface.
When the electrodeposition is done at low potential, such measure-
ments have shown competing processes associated to the reduction of
zinc cations and molecular oxygen, with the reduction of zinc start-
ing when the concentration of oxygen reaches a low critical value.
Needless to say that the huge difference in the diffusion coefficients
and concentration of molecular oxygen and zinc cations, is akey in
determining the reacting schemes leading to the formation of ZnO
deposits, with the feasibility of having different reacting pathways de-
pending on the growth temperature and deposition potential. The use
of further characterization techniques such asin situ STM, AFM and
EQCM is immediately apparent to grasp further details on the ZnO
growth mechanism depending on the type of ionic liquid or water-
based electrolytic baths. Overall we hope that this work will serve as
an impetusto implement the el ectrodeposition techniqueto the growth
of various binary and ternary oxides as we are presently doing with
success since copper, cobalt and manganese oxides have already been
grown asit will be reported in a coming paper.
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