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a b s t r a c t

Zinc (Zn) is a low-cost material that is widely used in plating and is under consideration as a reversible
deposit for a range of energy storage applications. In recent years, researchers have demonstrated that
the Zn morphology can be tuned by electrodepositing from an ionic liquid often leading to morphologies
that improve cyclability. However, the underlying mechanisms that control deposition and morphology
are not well understood. In this work, we evaluate the evolution of zinc morphology as a function of the
deposition thickness using in situ atomic force microscopy (AFM), in situ ultra-small angle X-ray scat-
tering (USAXS) and ex situ electron microscopy. Imaging reveals two dominant features: a hexagonal
plate-like morphology associated with individual Zn crystals and larger domains in which the individual
crystals appear co-aligned. Analysis of the key features observed by USAXS indicates that the growth of
the domain size is non-linear with the charge passed and that at least some of this non-linearity can be
attributed to increased coalescence of the individual plates as the deposit thickens. A more detailed
analysis suggests that there is little change in the aspect ratio of the individual Zn crystals e this is
consistent with a growth mechanism in which previously deposited plates grow in diameter as new
plates nucleate on their surface and then coalesce into one crystal.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

There is considerable interest in using zinc (Zn) for energy
storage applications [1e4] including Zn-air [3e6] and flow batte-
ries [7,8] but commercial use has been limited due to the relatively
poor cyclability [2]. This poor cyclability is typically the result of the
propensity of the zinc electrode to form detrimental morphologies
during growth, such as dendrites, nodules, and filaments [9,10].
Non-aqueous electrolytes, including ionic liquid systems, have
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shown good applicability in electrodeposition of metals with ad-
vantages that includes a wider potential window and higher ther-
mal stability [11e13]. The use of ionic liquid based electrolytes
instead of conventional aqueous based electrolytes has shown
promise in reducing the formation of detrimental morphologies
and forming a more uniform metal film during electrodeposition
[14,15].

For zinc electrodeposition within ionic liquid based electrolytes,
most studies have used the pyrrolidinium or imidazolium family of
cations with anions that include chloride (Cl), dicyanamide (DCA),
trifluoromethylsulfonate (TfO), and bis(trifluoromethanesulfonyl)
imide (Tf2 N)2; the zinc precursor within the electrolyte has
included ZnCl2, zinc triflate (Zn(TfO)2), and Zn(Tf2 N)2 [16e23].
Electrodeposition of zinc within the imidazolium family generally
produces crystalline films exhibiting well-defined hexagonal facets
[16,17,19,24,25]. In a recent investigation, Liu et al. [25] investigated
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the electrodeposition morphology of zinc within 1-ethyl-3-
methylimidazolium (EMIm) trifluoromethylsulfonate (TfO) elec-
trolyte with 0.1 mol dm�3 Zn(TfO)2 and 0.015 mol dm�3 Ni(TfO)2
and found that the zinc deposition morphology was compact and
exhibited co-aligned hexagonal platelets. In the presence of water,
in the imidazolium family of ionic liquids, the zinc deposition
morphology may exhibit non-textured, rounded zinc deposits
[26,27]. Electrodeposition of zinc within the pyrrolidinium family
generally tends to exhibit smaller crystallites with more rounded
morphologies [19,20,22,23,27e29]. The evolution of the textured
zinc morphology is the focus of this study and builds upon our
recent work [30] where highly textured, zinc platelets were orga-
nized into domains of co-aligned platelets. This morphology was
deposited from 1-butyl-3-methyl-imidazolium (BMIm) cation and
trifluoromethanesulfonate (TfO) anion which is the same system
used in this study.

In the BMIm TfO electrolyte, zinc crystalize in the form of hex-
agonal plates reflecting their underlying hexagonal symmetry. The
thin plate morphology is evidence of an anisotropic growth rate
with the basal facets growing 5e10 times slower than the prism
facets. Collectively, as observed by in situ atomic force microscopy
(AFM) [30], the Zn domains form a compact, polycrystalline surface
film, and the surface morphology roughened slowly with
increasing film thickness whereby under some conditions, the
roughness plateaued and stopped increasing with continued
growth [30]. During the initial deposition, the zinc plates appeared
to nucleate in random orientations, but two phenomena altered the
film texture as growth proceeded. First, crystals that nucleated with
their basal facet parallel or nearly parallel to the substrate (basal-
oriented) were overgrown by crystals that nucleated with their
prism facet parallel to the substrate (prism-oriented) because the
prism facets grew faster. For this reason, over time, the deposited
zinc surface became dominated by prism-oriented plates. And
second, new islands preferentially nucleated on the basal facet
leading to stacked plates that ultimately formed domains where
the basal facets of the plates were aligned. We postulate that this
desirable cessation of roughening results from this pattern of
growth e the surface evolves to a state exhibiting prism-oriented
surface resulting in a similar growth rate across the surface e

that leads to uniform growth. Therefore, the coalignment and
evolution in domain orientation can change the bulk film rough-
ness for a specified film thickness.

From the in situ AFM study of the direct spatial analysis of the
zinc surface during deposition within an BMIm TfO electrolyte,
several parameters emerge: the diameter and thickness of the in-
dividual plates, the size of the domains, and the degree of prism
texture [30]. There are drawbacks, however, to this technique.
These drawbacks include the relatively small scanning area (typi-
cally on the order of microns), the potential for tip-surface in-
teractions, apparent broadening of lateral features due to tip size,
and the limited ability of the AFM tip to follow a surface with deep
crevices or complicated morphologies with large height to width
aspect ratios. To help counteract these drawbacks and to provide a
complementary view, we examined the growth parameters that
emerged from the AFM analysis using X-ray scattering techniques,
that have the advantage of sample averaging through the volume of
the film, but often suffer frommodel ambiguity in cases where only
a smooth intensity curve is obtained.

In this study, ultra-small angle X-ray scattering (USAXS) was
employed to help elucidate the growth characteristics of zinc dur-
ing electrodeposition within an BMIm TfO electrolyte. USAXS is a
volume-average technique that can obtain nano-scale to micron
scale information through the entire irradiated sample volume
[31,32]. In the USAXS regime, the scattering of X-rays results from
spatial fluctuations of the electron density within the material and
is used in this study to extract changes in the zinc morphology
while the film is growing during deposition. Determining the real
space structure from USAXS requires fitting the scattering data to a
model. It is often the case for complex systems that the small angle
scattering is ambiguous and could be attributed to multiple phases
(i.e. particles and pores). While a heuristic X-ray scattering model
can be used to extract non-specific information from the data, such
as relevant length scales, complementary imaging techniques can
help develop a specific model that can extract physically mean-
ingful information about the phase from the X-ray scattering. To
help develop a specific small angle scattering model for the zinc
electrodeposition within the BMIm TfO electrolyte, this study used
in situ AFM imaging and ex situ electron microscopy to develop a
specific small angle scattering model for the deposits and this
model was then compared with a non-specific heuristic model that
uses known small angle scattering approximations [33].

2. Experimental

2.1. Electrochemical measurements and electrodeposition
procedure

The ionic liquid electrolyte was prepared by dissolving zinc
trifluoromethanesulfonate (Zn(TfO)2, Sigma-Aldrich, 98%) at a
temperature of 80 �C within 1-butyl-3-methyl-imidazolium tri-
fluoromethanesulfonate (BMIm TfO, IoLiTec Ionic Liquids Technol-
ogies, >99%). Removal of residual water and impurities was
conducted following the recommendations of Gnahm and Kolb
[34]. This procedure included adding 3 Å molecular sieves (Fluka)
to the electrolyte and drying the electrolyte at 100 �C under a low
vacuum of 3.3 � 103 Pa for a minimum of 24 h. After drying, the
resulting electrolyte was clear with a slight amber color. To help
maintain low water content during the experiments, molecular
sieves (Fluka) with 3 Å pores were added to the ionic liquid elec-
trolyte for the electrochemical measurements as well as for the
USAXS and AFM Zn deposition experiments. In addition, for the
electrochemical measurements and AFM experiments, argon gas
was percolated into the electrolyte through a port on the cell to
further control the moisture within the electrolyte.

Electrochemical measurements along with the AFM and USAXS
Zn deposition experiments were conducted with the aid of a Bio-
Logic SP-300 potentiostat/galvanostat and EC-Lab® software
(version 10.23). The working electrode for all experiments was a
platinum disk substrate where the substrate was sputter deposited
to a thickness of 0.6 mm on a 0.5 mm thick glass wafer. The root
mean square (RMS) surface roughness of the sputter deposited Pt
surface measured by AFM was 3.5 ± 0.5 nm. A 1 mm diameter
electrode (7.85 � 10�3 cm2 area) was used for the electrochemical
measurement and AFM Zn deposition experiments, and a 2 mm
diameter electrode (3.14 � 10�2 cm2 area) was used for the USAXS
Zn deposition experiment. To remove contaminants the Pt sub-
strate was cleaned by submerging within 1 M H2SO4 for 5 min and
subsequently washed with Millipore water. Residual organics were
removed by plasma etchingwithin a Harrick Plasma cleaner (Model
PDC-32G) for 3 min. The electrochemical measurements and AFM
Zn deposition experiments were conducted within a PEEK elec-
trochemical AFM cell (Asylum Research). For the USAXS experi-
ment, electrodeposition of zinc was conducted within an enclosed
polyether ether ketone (PEEK) cell using a design by El-Dasher and
Torres [35]. For all experiments, Zn wire (Alfa Aesar, 99.995%) was
used for both the counter and reference electrodes.

For the Zn electrodeposition experiments, the Pt substrate was
initialized by the potentiostatic reduction of zinc on the surface
(�500 mV for the AFM experiments and �600 mV for the USAXS
experiment versus the Zn reference wire) for a total charge passed



Fig. 1. Chronoamperograms of zinc deposition in 0.34 mol kg�1 Zn(TfO)2/BMIm TfO
within the USAXS electrochemical cell at an estimated overpotential of 370 mV. The
total charge passed for the 1st, 2nd, and 3rd potential steps was 400 Zn ML
(209.2 mC cm�2) and for the 4th, 5th, and 6th potential steps was 800 Zn ML
(418.4 mC cm�2).
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of 52.3 mC cm�2. The zinc deposit was removed by potentiostatic
oxidation at þ200 mV versus the Zn reference wire. This initiation
step improved the uniformity of subsequent depositions on the Pt
substrate as observed visually from the optical microscope.

As commonly done with ionic liquid systems [17], the electro-
deposition overpotential, h, was defined as the difference between
the applied potential, Eapp, and the observed crossover potential,
ECO. An example of the observed crossover potential, ECO, for this
system as found by cyclic voltammetry is shown in Ref. [30] and in
the Results section of this article. To account for the uncompen-
sated resistance, Ru, the electrodeposition overpotential was esti-
mated by h ¼ |Eapp e iRu e ECO|, where i was the average current
measured during zinc deposition. The uncompensated resistance of
ionic liquid electrolyte systems can be significant since ionic liquid
systems exhibit relatively low ionic conductivities compared to
supported aqueous electrolyte systems [15]. In addition, the limi-
tations of the cell geometry for both the AFM and USAXS electro-
chemical cells did not allow placement of the reference zinc wire
near the deposition surface. For the AFM cell, the reference wire
was placed 10 ± 1 mm from the deposition surface and Ru was
measured at 1700± 200U by the current interruptmethod [36]. For
the USAXS electrochemical cell, the reference wire was located
15 ± 1 mm from the deposition surface and Ru was estimated at
2600 ± 500 U.

In this investigation, the charge density passed during electro-
deposition of zinc is reported in terms of both mC cm�2 and Zn
monolayers (ML). The use of Zn ML allows for inferring the
resulting Zn film thickness from the amount of charge passed
during electrodeposition. The charge density relationship between
Zn ML and mC cm�2 was calculated assuming 100% current depo-
sition efficiency and randomly oriented grains with an average
atomic spacing of Zn at 0.248 nm. Following these assumptions,100
Zn ML corresponds to 52.3 mC cm�2. From the previous study [30],
the assumptions appeared to be valid since the film thickness
measurements made by AFM were within 90% of the calculated Zn
ML values.

2.2. Ultra-small angle X-Ray scattering (USAXS) experiment

In situ USAXS measurements were performed at the Advanced
Photon Source (APS) located at Argonne National Laboratory, Illi-
nois, USA on sector 15-ID-B (now 9-ID-B) using monochromatic
17 keV X-rays (l ¼ 0:72�AÞ. The USAXS instrument was combined
with a two-dimensional wide-angle X-ray scattering (WAXS) de-
tector and a pinhole small-angle X-ray scattering (SAXS) camera.
The Bonse-Hart USAXS instrument measures the scattered in-
tensity from a sample area of 1.2 mm2 as a function of angle, q,
where q¼ 0� is perpendicular to the substrate surface and q¼ 90� is
parallel. In calculations and drawings, the photon flux is in the x-
direction and the sample is parallel to the y-z plane. The angular
range of the instrument allowed measurement within a q-range
from 10�4 Å�1 to 6 Å�1. The scattered intensity collected from this
instrument provided information about mesoscale dimensions that
are oriented out of plane with the X-rays. This means that hetero-
geneities oriented in the angular range between perpendicular and
parallel to the surface could be resolved. However, the scattered
intensity collected from this geometry was slit-smeared with di-
mensions only parallel to the surface [37,38]. In cases where the
scattering heterogeneities are statistically isotropic, this smearing
effect was accounted for within the Irena software by knowing the
slit-length, qslit, that was calculated directly from the instrument
geometry [37,38]. In the case where some preferential orientation
of the Zn deposit (i.e. anisotropic scattering), the slit-smearing
becomes more complicated since the scattering in the two di-
rections is different. Because it is unclear whether the Zn deposit is
statistically isotropic or has some preferred orientation, both pos-
sibilities are presented in this study. Nevertheless, all USAXS/SAXS/
WAXS data were plotted as the intensity versus the magnitude of
the vertical scattering vector, q, where its modulus, q, is defined as:

q¼ 4p
sin q=2

l
(1)

Detailed information and capabilities of the instrument are
found elsewhere [37,38].

To minimize electrolyte damage during scanning from the high
energy X-ray beam, Al and Ti filters were inserted into the incident
beam that effectively reduced the number of photons per unit time.
In addition, the beam was blocked during electrodeposition to
assure that beam interactions would not interfere with the zinc
deposition.

Zinc electrodeposition was conducted potentiostatically with a
series of potential steps with an applied potential, Eapp, of�700mV
versus the Zn reference wire. During electrodeposition, the
resulting iRu drop was estimated at 110 ± 30 mV and ECO
averaged�220 ± 10mV versus the zinc reference, resulting with an
estimated electrodeposition overpotential, h, of 370 ± 40 mV and
was within the range of the zinc deposition trials for the AFM ex-
periments (from 245 to 445 mV) [30]. Between the applied po-
tential steps, the substrate was held at a slightly reducing potential
of �10 mV versus ECO to avoid dissolution of the Zn and allow for
the USAXS scan (z9 min).

Chronoamperograms for the Zn electrodeposition within the
USAXS cell are shown in Fig. 1. The first three potential steps at the
applied potential was conducted until 400 Zn ML (209.2 mC cm�2)
of charge passed and USAXS scans were obtained after 400 Zn ML
and 1200 Zn ML of total charge passed. Subsequent USAXS scans
were obtained after applied potential steps of 800 Zn ML
(418.4 mC cm�2) until a total of 3600 Zn ML (1882.8 mC cm�2) of
charge was passed. For the first potentiostatic step to 400 Zn ML,
the current initially exhibited a peak and then steadily decreased
approaching steady state suggesting nucleation and diffusion
limited growth. Subsequent potential steps showed a rapid
decrease in current density to a steady state value of around
0.85 mA cm�2 suggesting diffusion limited growth. Peaks were not
observed in the subsequent potential steps and was assumed to be
the result of the sluggish kinetics of the system. After the final
USAXS scan of the Zn deposition after 3600 ZnML of charge passed,
the Al and Ti filters were removed and aWAXS imagewas obtained.
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For USAXS data reduction, the USAXS scan used for background
subtraction was obtained from a separate Pt substrate immersed
within the ionic liquid electrolyte. This separate scan was required
since it appeared that illuminating the Pt substrate with the X-ray
beam prior to zinc deposition resulted in a possible breakdown of
the ionic liquid electrolyte on the substrate surface that interfered
with the subsequent nucleation and growth of zinc.

Data reduction was conducted with the Indra2 package [37]
within Igor Pro (version 6.37), whereby the USAXS from the Pt
substrate and ionic liquid were subtracted from the USAXS data
obtained after deposition. Since the true zinc layer thickness during
the USAXS scans was unknown, data reduction was conducted
assuming a constant zinc deposition thickness (1 mm); for this
reason, the intensity scaling is arbitrary but comparable between
scans. This assumption would not impact the morphological anal-
ysis conducted in this investigation since the thickness only affects
the scaling of the scattering intensity, I(q), and not the shape.

2.3. Atomic force microscopy (AFM) experiments

AFM imaging of the zinc electrodeposition was performed in
contact mode on an Asylum MFP3D instrument using a silicon
nitride tip on a silicon nitride cantilever (Olympus TR800PSA). The
zinc surfacewas imagedwith a 4 mm� 4 mmareawith 512 lines and
512 points per line corresponding to ~8 nm pixel resolution. The
vertical resolution of the AFM instrument was ~0.1 nm. Further
details of the electrochemical AFM cell and the AFM setup are
found in Ref. [30]. AFM image analysis and measurements were
conducted within Gwyddion (version 2.52) [39].

For the AFM experiments, several series of zinc deposition trials
were conducted potentiostatically with current pulses where, for
each pulse, 200 Zn ML (104.6 mC cm�2) of charge was passed. AFM
imaging was conducted at periodic intervals throughout the film
growth between current pulses. To assure that the Zn surface did
not undergo dissolution that would occur at open circuit potential
(OCP), AFM imaging of the Zn surface was conducted while the
substrate was held at a slightly reducing potential of 10 mV below
ECO. The holding time required for AFM imaging was approximately
10 min. Growth and imaging proceeded until a total of 2800 Zn ML
(1464.4 mC cm�2) of charge was passed. For each series of de-
positions, zinc was deposited at different applied potentials, Eapp,
of �400, �500, �650 mV versus a Zn reference wire. For these
deposition trials, the deposition overpotential, h, was estimated at
245, 325, and 445 mV vs. ECO, respectively [30]. As with potentio-
static deposition within the USAXS cell, the current profile during
deposition within the AFM cell remained consistent in magnitude
and shape suggesting that the electrochemical environment was
not changing significantly during growth [30].

2.4. Electron microscopy of the zinc surface

For ex situ electron microscopy of the zinc deposition
morphology after deposition within the USAXS electrochemical
cell, a separate deposition trial was conducted outside of the USAXS
instrument. This separate trial was required since the added time
needed to extract the electrochemical cell out of the USAXS in-
strument allowed for significant dissolution of the zinc surface as it
remained at OCP for several minutes prior to extracting and
washing. The deposition of zinc within the USAXS electrochemical
cell mirrored the same electrochemical parameters as was con-
ducted within the USAXS instrument including holding times.

For ex situ SEM analysis of the zinc deposited surface after both
the USAXS and AFM experiments, the substrate was washed with
ethanol and Millipore water (18 ohm-cm) and dried. Electron mi-
croscopy was conducted on a JEOL JSM-7401F FESEM scanning
electron microscope (SEM).

2.5. Zinc domain size measurements from imaging

The average zinc domain sizes were estimated by direct mea-
surements conducted on both the AFM and the SEM images by
manually outlining the observed domains and measuring the
average domain area within ImageJ (ver. 1.51). Domains located on
the edges of the images were not included in the measurements.
Measuring the zinc domain sizes was equated to measuring grain
sizes as outlined by ASTM E112, Standard Test Methods for Deter-
mining Average Grain Size [40], where the mean zinc domain
diameter and its standard deviation are given by the mean and
standard deviation of the square root of the measured domain
areas.

3. Results and discussion

We first describe the electrochemical behavior of the BMIm TfO
based electrolyte where the results suggest slow kinetics and
diffusion-limited growth. Next, we describe the results from in situ
X-ray scattering, demonstrating that two length scales emerged. By
showing that deposition of zinc within the AFM and USAXS cells
resulted in similar zinc morphology, we could then use imaging to
interpret the scattering from the USAXS analysis. Imaging showed
that zinc deposition consisted of stacked hexagonal plates that led
to two length scales: the plate thickness, tp, and the plate radius, Rp.
In situ AFMdatawas also used to showhow the nucleation behavior
led to domain formation and the evolution of film texture. The
domain geometry was approximated as cylinders composed of
stacked plates with nominal radius, Rp, and domain thickness,
td ¼ N � tp, where N is the number of plates within a domain. The
USAXS data was first described in terms of a generalized model
(unified model) with scattering from the thickness and diameter of
the plates. In the supplementary information we describe a more
complex, oriented cylinder model that attempted to capture the
organization of plates into domains and the rotation of the plate
orientation from random to textured in keeping with AFM obser-
vations. Although the oriented cylinder model was consistent with
the X-ray scatter data, it did not add definitive information beyond
what was found with the simpler unified model.

3.1. Electrochemical measurements

Cyclic voltammetry and chronoamperometry were used as a
foundation to investigate the BMIm TfO system. Fig. 2 shows the
cyclic voltammograms (CV) of a Pt electrode in 0.34 mol kg�1

Zn(TfO)2/BMIm TfOwith various scan rates at 25 �C. Cathodic peaks
were observed from �0.63 to �0.77 vs. the Zn wire where cathodic
peaks shifted to more negative values with higher scan rates.
Anodic peaks were observed around þ0.22 toþ0.24 vs the Znwire.
As shown Fig. 2a, the BMIm TfO without Zn(TfO)2 did not show
cathodic or anodic peaks and exhibited a stability window of
around 2.6 V. The cathodic peak was attributed to the reduction of
Zn(II) to Zn and the anodic peak was attributed to dissolution of the
Zn deposited on Pt electrode from the prior cathodic scan. The
Zn(II)/Zn reaction on the Pt electrode was considered electro-
chemically irreversible because there was a large peak separation
and the cathodic peaks shifted to more negative values with
increasing scan rates. The wide spacing in the CV is indicative of an
irreversible redox reaction with a relatively high activation energy
and slow kinetics. In addition, the integrated current during the
anodic scan was 90 ± 0.5% of the cathodic scan suggesting that
either there was a parasitic cathodic reaction or that not all the Zn
deposited during the cathodic scan underwent dissolution. Finally,



Fig. 2. Cyclic voltammograms (CV) of a Pt electrode in 0.34 mol kg�1 Zn(TfO)2/BMIm TfO at 25 �C at scan rates of 5, 10, 25, and 50 mV s�1. Arrows show the direction of the scan.
Inset (a) shows a CV of the Pt electrode within neat BMIm TfO at a scan rage of 10 mV s�1 at room temperature. Inset (b) shows the peak cathodic current density, jp, plotted against
the scan rate where the dashed line corresponds to the best fit curve following jp

0.5.
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the peak cathodic current density approximately followed a square
root relationship with the CV scan rate (Fig. 2b). This relationship is
consistent with diffusion-limited growth where electron transfer is
direct with electrode rather than via a multi-step reaction such as
adsorption of electrolyte followed by electron transfer [36].

Chronoamperometry data was collected for various potential
steps to evaluate the electrochemical behavior of Zn(II) within the
BMIm TfO system. Fig. 3 shows the chronoamperograms of the Pt
substrate in in 0.34 mol kg�1 Zn(TfO)2/BMIm TfO at 25 �C. For the
various potential steps, current peaks were observed suggesting
nucleation of Zn followed by converging of the current density with
time following the expected behavior of a diffusion limited system.
Fig. 3. Chronoamperograms of a Pt electrode in 0.34 mol kg�1 Zn(TfO)2/BMIm TfO at 25 �C f
the maximum current density and the corresponding time where the solid and dashed lin
The diffusion coefficient was estimated assuming the system most
closely matches a disk electrode in a semi-infinite system where
the reduction process is diffusion limited [36,41]. Using the
analytical solution obtained by Aoki et al. [41], the diffusion coef-
ficient of Zn(II) at 25 �C was estimated at 1.5 � 10�7 cm2 s�1. The
estimated diffusion coefficient is within the range reported at room
temperature for imidazolium based ionic liquids (from 1 to
12� 10�7 cm2 s�1 [42]) where these relatively low values are due to
the high viscosity of the ionic liquid systems [42].

The nucleation behavior was inferred from the chro-
noamperometry data by plotting the data non-dimensionally with
j2/jm

2 versus t/tm where jm is the peak current density and tm is the
or various applied potentials vs. Zn wire. The inset figure shows the data normalized to
es correspond to the theoretical models for progressive and instantaneous nucleation.
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corresponding time, t. The resulting current transient peaks was
compared to the Scharifker-Hills nucleation and growth models for
both progressive and instantaneous nucleation [43] shown in the
inset figure in Fig. 3. For all the scans, the datamost closely followed
the instantaneous nucleation model, and from this result, it was
assumed that the initial stage of Zn deposition on the Pt electrode
exhibited instantaneous nucleation under diffusion control.
3.2. Ultra small angle X-ray scattering (USAXS) measurements

Five USAXS scans were obtained during the electrodeposition of
zinc on a Pt substrate within the 0.34 mol kg�1 Zn(TfO)2/BMIm TfO
electrolyte up to a final deposition of 3600 ZnML (1882.8 mC cm�2)
of charge passed. The calculated slit smeared intensity after data
reduction (background subtraction) for the five USAXS scans is
shown in Fig. 4. In the high-q range (q > 0.05 Å�1), there was a high
level of background noise that impeded analysis of the structural
data. The mid-q range (0.002 < q < 0.05 Å�1) was identified as the
power-law region and contains information about the surface
roughness [44] and/or the anisotropy of the domains. This region is
therefore ambiguous and model dependent; the unified model
assumes that the surface is fractal-like in nature where the surface
contains some roughness, while the oriented cylinder model as-
sumes some anisotropy (see Section 3.4.2 and Supplementary). In
this region, the intensity from each scan appeared to decay at
roughly the same power-law slope (between �3.44 to �3.74)
suggesting that the interface structure between the zinc surface
and the ionic liquid electrolyte remained mostly unchanged during
the electrodeposition. Finally, within the low-q range
(q < 0.002 Å�1), Guinier regions [45] were observed where the
intensity exhibited a knee as the scattering intensity behavior
transfers from power-law scaling regime. The location of the
Guinier regions occurred at lower q values with increasing amounts
of charge passed suggesting that the average size of the Guinier
scattering entities increased with increasing deposition thickness.
In addition, after electrodeposition of 2000 ZnML, a second Guinier
Fig. 4. Log-log plot of the slit smeared USAXS intensity versus the scattering vector, q, obtain
charge passed. Raw data have been background subtracted and the intensity is slit smeared
mid-q range. The scattering intensity measured from the WAXS image obtained after Zn dep
and Pt.
was observable in the higher q range of around 0.02 Å�1 as shown
in Fig. 4a.

After electrodeposition of the Znwithin the USAXS cell to a total
of 3600 Zn ML (1882.8 mC cm�2) of charge passed, a WAXS image
was obtained of the Zn deposition on the Pt substrate shown in
Fig. 4b. The WAXS confirmed deposition of Zn on the Pt substrate.
The strongest Zn peak for the (101) plane exhibited a measured d-
spacing of 2.06 ± 0.01 Å and was near the expected value of 2.084 Å
[46]. Note that the accuracy for d-spacing measurement was
inferred from the measured d-spacing values for the Pt substrate
and were within 0.01 Å of the expected values.

3.3. Zn deposition behavior within BMIm TfO

From the in situ AFM analysis, potentiostatic electrodeposition
of Zn within the 0.34 mol kg�1 Zn(TfO)2/BMIm TfO electrolyte
resulted in zinc films with a dense and compact morphology
composed of textured domains of stacked parallel hexagonal plates
[30]. Because the geometry of the USAXS electrochemical cell
differed from the AFM electrochemical cell, ex situ SEM images
were obtained to check that the resulting Zn deposition
morphologywas consistent with that observedwithin the AFM cell.
Fig. 5 shows representative SEM images of the zinc depositions
where Fig. 5a was from the USAXS cell after 3600 Zn ML
(1882.8 mC cm�2) of charge passed, and Fig. 5b was from the AFM
cell after 2800 Zn ML (1464 mC cm�2) of charge passed. Both
deposited surfaces exhibited compact domains consisting of
stacked parallel hexagonal plates. Because the potentiostatic elec-
trodeposition within the USAXS and AFM cell exhibited similar
behavior, the domain size and plate thickness obtained from in situ
AFM were quantitatively analyzed to help model the USAXS data.

3.3.1. Zinc domain size evolution
The domain size evolution was investigated by measuring the

average domain sizes observed from both in situ AFM and ex situ
SEM images. In situ AFM images were obtained from three
ed from the USAXS scans after 400 Zn ML, 1200 Zn ML, 2000 Zn ML, and 3600 Zn ML of
with a slit-length of 0.027548 Å1. An arrow in inset (a) highlights a small Guinier in the
osition is shown in inset (b) including the corresponding diffraction planes for both Zn



Fig. 5. SEM image of the zinc surface after deposition in 0.34 mol kg�1 Zn(TfO)2/BMIm
TfO (a) within the USAXS electrochemical cell with 3600 Zn ML (1882.8 mC cm�2) of
charge passed at a reducing potential of �370 mV vs. ECO., and (b) within the AFM
electrochemical cell with 2800 Zn ML (1464 mC cm�2) of charge passed at a reducing
potential of �325 mV vs. ECO.
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deposition trials with overpotentials of 244, 325, and 445 mV vs.
ECO, respectively. For each deposition trial, the average domain size
was measured at images obtained from selected increments during
deposition. For comparison, the average domain size was also
measured from the ex situ SEM images of the zinc surface after
deposition within the USAXS cell.

Representative AFM and SEM images that demonstrates the
domain size growth of the zinc surface are shown in Fig. 6. AFM
images obtained after 400, 1200, and 2800 Zn ML of charge passed
is shown in Fig. 6a, b, and 6c, respectively. The average domain size
was measured from the observed domains with examples outlined
in Fig. 6e, f, and 6g. A representative SEM image obtained after
deposition within the USAXS cell is shown in Fig. 6d with the
corresponding domains observed outlined in Fig. 6h. Fig. 7a plots
the average domain diameters measured from the AFM and SEM
images as a function of nominal film thickness (amount of charge
passed). At lower film thicknesses (400e1200 Zn ML) the diameter
growth rate ranged from 0.07 to 0.10 nm ML�1 whereas for thicker
films (2000e2800 Zn ML) the rate slowed, ranging from 0.01 to
0.09 nm ML�1. Extrapolating the trends observed from the AFM
measurements appeared to be consistent with the results obtained
from the USAXS cell after 3600 Zn ML, further demonstrating that
the Zn deposition behavior within the USAXS cell was consistent
with the behavior observed from the AFM cell.

We note that the average domain diameters measured from the
2D AFM and SEM images only approximate the true domain di-
ameters due to two geometric effects. First the measured domain
distribution was skewed towards smaller size as exemplified in
Fig. 7b. The skewed distribution likely resulted from the fact that
the widest part of individual Zn domains could be buried under
neighboring Zn domains so that the image analysis would sys-
tematically underestimate the true domain size. This underesti-
mate should be slightly offset, however, from the overestimate that
occurs when measuring multiple domain orientations projected
onto a 2D plane. To estimate themagnitude of this second effect, we
approximated the domains as randomly oriented cylinders that
were twice as wide as they were tall (Rc ¼ cylinder
radius ¼ cylinder height). In this case, the domain measurements
overestimated the true cylinder radii where Rc z 0.9R, where R is
the measured domain radius from the 2D measurements.

3.3.2. Zinc plate nucleation and growth
During electrodeposition within the Zn(TfO)2/BMIm TfO elec-

trolyte, it was observed from the AFM images that new zinc islands
preferentially nucleated on the basal facet of underlying hexagonal
plates and these islands grew into new hexagonal plates. Subse-
quent nucleation on top of these new hexagonal plates resulted in
zinc domains consisting of layers of co-aligned hexagonal plates.
Fig. 8 shows a representative AFM image sequence obtained during
electrodeposition highlighting several areas where new hexagonal
zinc plates nucleated and grew on the basal facet of an underlying
plate. Three examples of island nucleation can be seen in the upper
half of Fig. 8b and in the lower left side of Fig. 8c. These nucleated
plates continued to grow into new hexagonal plates as shown in
Fig. 8c and d. As these new plates continued to grow, the basal facet
of these new plates may reach a size large enough to allow for
nucleation and growth of a new plate thus resulting in the overall
growth into zinc domains of co-aligned plates as shown in the
schematic in Fig. 8e. This type of nucleation and growth shown in
Fig. 8ewas also observed by Zheng et al. during electrodeposition of
Zn where new Zn platelets exhibits a strong propensity to nucleate
and grow on the exposed (0002) basal facet of the underlying Zn
crystallite thereby highlighting the optimum atomic arrangement
for epitaxial electrodeposition of Zn [47].

Although, in principle, nucleation of co-aligned islands de-
scribes homoepitaxial growth, we found that the islands did not
grow monolayer by monolayer but rather as plates consisting of
many atomic layers. In addition, the layered nature persisted and
can be observed in the ex situ SEM images shown in Fig. 5 where the
layers exhibited rough edges and striated domains. As discussed
later in the USAXS analysis, we considered that some of the plates
may have coalesced together during growth. If the plates merged or
are homoepitaxial with no gap or change in density at the interface,
the individual plates will not scatter X-rays.

The thin hexagonal plates appeared to exhibit roughly the same
thickness during electrodeposition within the AFM cell regardless
of the amount of charge passed or the amount of deposition over-
potential. Plate thicknesses were measured from topographic AFM
images of the zinc domains where the hexagonal basal facets of the
zinc plates were oriented nearly parallel to the substrate. The
example shown in Fig. 9 plots the height profiles along the top of
the zinc plates within a domain after 1200 Zn ML of charge passed
(Fig. 9a) and in the same domain after 2000 ZnML of charge passed
(Fig. 9b). Although zinc plates were continuously being added
during deposition, the plate thickness measured from the height
profiles maintained a relatively constant thickness of around 5 nm
(~20 Zn ML).



Fig. 6. Representative in situ AFM and ex situ SEM images where (a), (b), and (c) represents an AFM image (deflection) sequence of the zinc surface during electrodeposition within
Zn(TfO)2/BMIm TfO at a deposition overpotential of 445 mV vs. ECO after 400 Zn ML (418.4 mC cm�2), 1200 Zn ML (1255.2 mC cm�2), and 2800 Zn ML (2928.8 mC cm�2) of charge
passed, and (d) is a representative SEM image from the Zn surface after electrodeposition within Zn(TfO)2/BMIm TfO within the USAXS cell after 3600 Zn ML (1882.8 mC cm�2) of
charge passed. The observed domains are outlined for the corresponding AFM and SEM images in (e), (f), (g), and (h).
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3.4. USAXS modeling

The in situ USAXS data (Fig. 4) contain information about the
volume-average feature sizes of the deposit. Qualitatively, two
separate Guinier knees were observed in the USAXS data. Only the
low-q Guinier knee shifted in q, while the mid-q knee remained
constant at q z 0.02 Å�1 with continued deposition. The relative
intensity between each of these knees indicated that either the
total volume or contrast of the low-q phasewas always greater than
the mid-q phase. From the AFM and SEM image analyses, we
interpreted the Guinier regions observed in the X-ray scattering
within low-q range as scattering from the zinc domains, and as
these zinc domains grew with deposition thickness resulted in the
Guinier shifting to lower q values. In addition, since the hexagonal
zinc plates remained relatively constant in thickness during depo-
sition with a thickness, tp, of around 5 nm, we reasoned that the
Guinier observed in the mid-q range is the result of X-ray scattering
from these plate features.

Fig.10 overviews the two paths followed in this investigation for
modeling the USAXS data. The USAXS data is first described in
terms of a generalized model (unified model) with scattering from
the plate thickness and domain size. This can be visualized as
isotropically-oriented cylinders with surface roughness due to
plate edges. Since only a single-broadened Guinier region is
observed at low-q, these cylinders are assumed to have moderate
aspect ratios near unity and the radius of gyration of the domain
represents the approximate dimensions of both diameter and
height; two Guinier regions, separated by a power-law decay,
would be observed for extreme large or small aspect ratios. The
second approach modeled the USAXS data assuming the zinc
deposition consisted of oriented cylinders (anisotropic model)
composed of plates. The anisotropic model was an attempt to
capture the organization of plates into domains and the rotation of
the domains from random orientations to more textured orienta-
tions that more closely mirrors the zinc morphology evolution
observed from both the in situ AFM and ex situ SEM observations.
The broad peak in intensity that precedes the low-q Guinier is
attributed to the packing of the domains across the surface and is
accounted for in bothmodels by the simplest structure factor that is
a function of the mean distance between domains and relative
packing [45]. We note that other structure factors, such as one that
assumes a Gaussian distribution in distances between domains
[48], could also be used. The former structure factor was used for its
simplicity.
3.4.1. Isotropic unified model
The USAXS data were fitted to a simple, isotropic model that

accounted for two length scales representing both the plate thick-
ness, tp, and the plate radius, Rp. Data fits were used to extract the
evolution of the zinc domain sizes, the individual plate thicknesses
and the relative intensity scale between them. A two-level unified
equation [33] with a constant background, b, was sufficient to
approximate the scattering from the domains, ID(q), and the scat-
tering from the plates, Ip(q). The unified model describes scatter
with a power law region and Guinier knee for each general feature
size. When two length scales are present, as in the zinc electro-
deposition data, two unified levels are merged consistently to
generate a two-level unified fit as described in Equations (2)e(6):

IZnðqÞ¼ IDðqÞ þ IpðqÞ þ b (2)



Fig. 7. (a) Average Zn domain diameters measured from in situ AFM imaging (AFM 245
mv, AFM 325 mV, and AFM 445 mv) and SEM images obtained from the Zn surface
after deposition within the USAXS cell (USAXS 370 mV) plotted against the amount of
charge passed. The shaded regions and horizontal bars represent the standard devi-
ation range for the measured domain diameters. (b) Histogram showing the relative
frequency of the domain diameters for the USAXS 370 mV data.

Fig. 8. AFM (deflection) image sequence of the zinc surface during electrodeposition
within 0.34 mol kg�1 Zn(TfO)2/BMIm TfO at a reducing potential of �325 mV vs. ECO at
amounts of charge passed of (a) 400 Zn ML (209.2 mC cm�2), (b) 600 Zn ML
(313.8 mC cm�2), (c) 800 Zn ML (418.4 mC cm�2), and (d) 1000 Zn ML (523.0 mC cm�2).
The AFM images are 1 mm � 1 mm. (e) Schematic showing how the preferential
nucleation of islands on the basal facets could result in domains of co-aligned plates.
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where IZn represents the total scatter intensity, S(q,p,x) is a structure
factor that accounts for the apparent structure of the domains and
uses the normalized scattering amplitude of a sphere, F(qx), and
two parameters: p and x, that are related to the degree of crystal-
linity and mean distance between domains, respectively [45]; at
low-q the apparent domain structure manifests itself in the “flat-
ness” of the Guinier knee. The scaling parameters, GD and Gp, are
the Guinier prefactors [33] proportional to the number, volume-
squared and contrast-squared of the domains and plates, respec-
tively; BD and Bp are the prefactors for the power law behavior of
the domains and plates, respectively; RgD and Rgp are the radii of
gyration for the domains and plates, respectively; and PD is the
power law exponent for the domains. We note that Equations (2),
(3) and (5) assume that the two populations (domains and plates)
scatter independently and therefore there is no “cutoff” term in
Equation (3) that terminates the power-law scattering from the
domains at high-q.

Equation (2) was fit to the slit-smeared intensity data using the
Irena package [49] for Igor Pro to extract the parameters: RgD, Rgp,
GD, Gp, BD, PD, b, p, and x. Our analysis used an isotropic structure
factor and assumed that the domains were randomly oriented. This
assumption was sufficient to extract the radii of gyration, using the
Guinier approximation [45] within Equation (3) and Equation (5).
The model fits for the USAXS data are shown in Fig. 11a.

In order to quantify the domain morphology, as measured by
USAXS, the general parameters in Equation (2) were assigned to
physical characteristics. For example, the radii of gyration, RgD and



Fig. 9. Examples of AFM height profiles along zinc crystallite layers for the same zinc
domain during deposition within 0.34 mol kg�1 Zn(TfO)2/BMIm TfO at a reducing
potential of �245 mV vs. ECO growth after (a) 1200 Zn ML (627.6 mC cm�2), and (b)
2000 Zn ML (1064.0 mC cm�2) of charge passed. The letters designate the direction of
the height profile.
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Rgp, corresponds to the mean sizes of the domains and plates,
respectively. The relative scales, GD and Gp, also contain information
about the scattering power of the plates within each domain. From
the USAXS data, the low-q scattering from the zinc grain domains
was much higher than the high-q scattering from the hexagonal
plates. The minimal scattering in the high-q range for the plates
suggested that the plates were coalesced together or the contrast
between the plates was poorly defined. From the unified fit
Fig. 10. (a) Representative AFM image of the zinc surface during electrodepositionwithin the
zinc plate highlighting the plate diameter and plate thickness. Schematic showing the repr
domains model along with the scattering representation for individual zinc domains. In (c)
propagate in the x direction.
parameters, the degree of coalescence, Fo, is defined as:

Fo ¼GD

VD

Vp

Gp
¼ DrD

2

npDrp
2z

RgpGD

RgDGp
(7)

np ¼ NpVp

NDVD
(8)

where np is the volume fraction of individual plates per domain, N is
the total number, V is the volume, and Dr is the contrast of each
respective phase; the ratio of the respective volumes was approx-
imated by assuming the domains and plates had the same di-
ameters, but different heights. When Fo is high, there is either a
relatively low contrast between the plates or low volume fraction,
np, which would be this case for either partially or completely
merged plates. On the other hand, when Fo is low, there is either
good contrast between the plates or there is a high volume fraction
of plates within the zinc domains. Therefore, a plot of Fo provides a
measure of how well the plates coalesced together as more zinc
was electrodeposited. The radii of gyration, Rgp, RgD, and Fo are
shown in Fig. 12a, b, and 12c, respectively, to quantify the evolution
of the domain morphology with the amount of charge passed.
Based on these plots, it was concluded that as the zinc grain do-
mains grew, there was an increase in the degree of coalescence
between the zinc plates within the domains.
3.4.2. Anisotropic oriented domain model
Though Equation (2) does not account for scattering anisotropy,

it was sufficient to capture the dominant morphology changes
during electrodeposition. In order to evaluate the fidelity of these
results, we also developed an anisotropic model of oriented cylin-
drical domains [45] that contain a fraction of both coalesced (or
merged) plates and discrete (or non-merged) plates. This model
considers both the instrument geometry, slit smearing, and the
orientation of the deposit. In addition, this formulation has one less
fit parameter than Equation (2) since it uses the plate thickness
from AFM measurements providing a physical link to the two
0.34 mol kg�1 Zn(TfO)2/BMIm TfO electrolyte. (b) Simplified schematic of an individual
esentative surface for the (c) isotropic unified model and the (d) anisotropic oriented
and (d), the axes are defined such that the substrate is in the yz-plane and the X-rays



Fig. 11. The (a) unified model and (b) anisotropic model fits to the slit smeared USAXS intensity collected for the USAXS scans made after 400, 1200, 2000, 2800, and 3600 Zn ML of
charge passed. The normalized residuals for the model fits is shown in the inset graphs within (a) and (b).
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Guinier knees. A detailed explanation of this model can be found in
the Supplemental. Briefly, the slit-smeared intensity data, Ismr(qz),
was calculated by integrating the anisotropic scattering from ori-
ented domains and plates, IODP(qR), over the slit-length that is
defined by the instrument geometry [37]. With the Bonse-Hart
instrument used in this study, the scattered intensity, I(qz), in the
z direction was smeared with the scattered intensity in the y di-
rection, I(qy), resulting in a smeared intensity that depended on the
scatter vector with, qR, with a magnitude equal to (qz2þqy

2)1/2 [37].
The anisotropic scattering, Imodel(qR), was calculated by assuming a
Gaussian size distribution, PvðR;R;sÞ, of cylindrical domains with a
mean radius, R, and standard deviation, s; the height of the do-
mains was parameterized by using an aspect ratio, Ar, such that the
height is equal to 2RAr. Finally, the anisotropic scattering, IODP(qR),
for a given radius, R, and q-vector, qR, was calculated by assuming a
Gaussian distribution of orientations in the f and q directions, Pf
and Pq,respectively [45]. The scattering model is given by the
equations:
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ðqslit
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where Vcyl is the cylinder volume, and S(q,x,p) is the same structure
factor as in Equation (4) that accounts for the apparent flatness in
the low-q Guinier knee by assuming a distribution of preferred
distances [50] between domains. To reduce the number of mean-
ingful fit parameters and to facilitate a comparison of the results to
Equation (2), the same values of b, p and x obtained from the fit of
Equation (2) to each USAXS data were also used in Equation (10).
The scattering from an oriented domain of plates, IODP(qR), was
calculated by summing the volume-normalized scattering in-
tensities from discrete, non-coalesced plates, IOP(qR), and the entire
domain, IOD (qR), that consists of both coalesced and discrete plates.
This summation allowed for the degree of coalescence, Fo, to be
directly extracted from the model fitting (see Supplemental). The
probability functions in Equation (10) were used to assign a weight
to a specific orientation of the domains and plates determined by
the angles f and q (Fig. 10), that together determine the angle, a,
between the cylinder axis and qR. Based on the AFM images (Fig. 6),
some preferential orientation in the angle, q, is expected and
therefore a Gaussian function was used for Pqðq; q0; sqÞ, while
Pfðf;f0; sfÞ was set to one for all angles. A value of sq ¼ 20� was
used in the model fitting so that qo could be varied from its initial
value of 45�. Equation (10) can be used to find the optimal pa-
rameters for K, R, s, qo, nmerged and Ar by least-square fitting and the
model fits for the USAXS data are shown in Fig. 11b. As shown in the
residual plots in Fig. 11a and b, the same fit quality was obtained
from both the unified model (Equation (2)) and from the aniso-
tropic oriented domain model (Equation (10)).

The purpose of the anisotropic model was to determine if
orientational anisotropy could account for the power-law behavior
between the two Guinier knees, the large value of Rgp compared
with AFM measurements, and if such anisotropy affected the
growth and degree of coalescence obtained from the unified
equation. Rather than shape dependent radii of gyrations, the
anisotropic model provides size distributions of the cylinder radii
and their aspect ratio (Supplemental). After 3600 Zn ML of charge
passed, the mean cylinder diameter was found to be 500 nm, with a
standard deviation of 225 nm. The value of Ar remained in the
range: 0.45 < Ar < 0.55 and did not change significantly with
monolayer addition outside the fitting error, suggesting a squat



Fig. 12. Unified model fits of the radii of gyrations from the (a) domains and the (b)
zinc plates, along with (c) the degree of plate coalescence, F0, as a function of the zinc
monolayers of charge passed. The horizontal bars represent the standard errors ob-
tained from the least-squares linear fitting of the data within the Irena package for Igor
pro.
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cylinder twice as wide as tall. Therefore, both the domain diameter
and height were consistent with measurements of the zinc do-
mains from the AFM and SEM images (Fig. 7) and that the height of
the domains as observed in the AFM experiments were less than
the diameter [30]. From the SEM analysis of the domains after 3600
Zn ML of charge passed, the distribution of the domain diameters
ranged from ~60 to 700 nmwith a mean value of 313 ± 133 nm. The
mean orientation angle, qo, decreases slightly from ~70� to 55� and
was consistent with the SEM observations as shown in Fig. 5b
where the Zn plates appeared to be closer to perpendicular to the
surface after 2800 Zn ML of current passed. Therefore, the domain
sizes and orientations obtained from the fitting of Equation (10)
were in good agreement with the SEM and AFM observations.

From the unified model, the plate thickness, tp, and the domain
diameter, DD, are related to the the radii of gyrations,

tp ¼ Rgp
ffiffiffiffiffiffi
12

p
¼ 23 nm (12)

DD ¼ 2RgD
ffiffiffi
2

p
¼ 735 nm (13)
These mean values are larger than observed by AFM and SEM
(Figs. 7 and 9). Therefore, the anisotropic model provides slightly
better values for the domain dimensions and was able to accom-
modate a plate thickness closer to that which was measured by
AFM imaging (Fig. 9). Other unified fit parameters, such as PD and
BD, were difficult to quantitatively compare with parameters in the
anisotropic model. However, it is worth noting that PD never
reached 4 with Equation (2) as expected for an anisotropic system
[51], and the relative values of BD and GD suggested some size
distribution [52]. Nevertheless, both the simple unified model
(Equation (2)) and a more rigorous anisotropic model led to the
same conclusion: as the zinc grains grow, the hexagonal plate
thickness remained constant and more of the plates have coalesced
together, since Fo increases with each Zn ML addition with either
model (refer to Supplemental Fig. S3).

4. Conclusions

Electrodeposition of zinc in Zn(TfO)2/BMIm TfO ionic liquid
electrolyte resulted in a zinc morphology of a textured, hierar-
chically organized film consisting of co-aligned hexagonal plates
organized into domains. AFM and SEM imaging along with X-ray
scattering provided complementary views of the film evolution
that give insight into the morphological progression and growth
mechanism. In particular, the imaging and X-ray data suggested
that this unusual film morphology develops due to 1) preferential
nucleation of islands on the basal facets, that leads to domains; 2)
anisotropic facet growth rates, that leads to texture; and 3) the
coalescence of plates over time, that leads to dense granular films.

AFM imaging showed that the film progressed by island
nucleation and growth of hexagonal plates that reflect the hexag-
onal symmetry of zinc. Two principle length scales emerged: the
plate thickness and the plate diameter (which also becomes the
domain diameter as the film thickens); these were measured by
both AFM and X-ray techniques and compared. USAXS analysis
showed similar trends to those observed by AFM. USAXS modeling
by either the unified fit or the anisotropic model pointed to growth
of the zinc grains, consistent with AFM observations. USAXS also
showed that the thickness of the hexagonal zinc plates remained
approximately constant during electrodeposition and confirmed
observations made from AFM imaging. In addition, the USAXS data
suggested that the zinc plates coalesced together over time thereby
reducing scatter from the interior of the domains. This plate coa-
lescence could not be directly observed from either AFM or SEM
analysis.

Overall, a more complete picture emerged by using both direct
imaging and X-ray techniques together: X-ray scattering provided
better statistically averaged data and AFM imaging provided
morphological details required to interpret the unified fit and to
create more rigorous anisotropic models.
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