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Abstract

Reversible metal electrodeposition (RME) is an emerging and promising method for
designing dynamic windows with electrically controllable transmission, excellent color
neutrality, and wide dynamic range. Zn is a viable option for metal-based dynamic windows due
to its fast switching kinetics and reversibility despite its very negative deposition voltage. In this
manuscript, we study the effect of the supporting electrolyte anions for Zn electrodeposition on
transparent tin-doped indium oxide. Through systematic additions or removal of components of
the electrolytes, we are able to establish a link between the anions and the effectiveness of Zn
RME. This insight allows us to design practical two-electrode 25 cm? Zn dynamic windows that
switch to <1% within 20 s. Lastly, we demonstrate that the accumulation of Zn(OH): species on
the working electrode degrades the optical contrast of Zn windows during long-term cycling.
However, the elimination of these species through acid immersion allows the windows to cycle
at least 500 times. Reversible Zn electrodeposition in the presence of a polyethylene glycol
additive further improves the cycle life to greater than 1,000 cycles. Taken together, these studies
highlight important design principles for the construction of robust dynamic windows based on

Zn RME.
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1. Introduction

Dynamic windows are electronically-controlled devices that change their transmission
from a transparent state to an opaque state and vice versa.'”” These windows are a promising
technology to reduce the amount of energy used in commercial and residential buildings with
average energy savings of 10%.%° Buildings account for 40% of total energy used in the United
States, and about half of that comes from heating, ventilation, and air conditioning costs.!® The
implementation of dynamic windows, which modulate heat and light flow from the outside,
11-12

reduces these building energy costs.

There are several strategies used to construct dynamic windows, which include
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electrochromic materials, polymer-dispersed liquid crystals, and automated blinds.

However, none of these approaches have been adopted on a large scale due to cost, durability,
color, and switching speed issues, or the inability to support multiple tinting states.??’
Reversible metal electrodeposition (RME) is an emerging technology for dynamic windows,
which operates based on the deposition and dissolution of metal ions.**-® RME windows are
composed of a transparent conducting working electrode, such as tin-doped indium oxide (ITO),
a counter electrode, and a gel or liquid electrolyte containing salts of colorless metal ions.>!-*?
When a reducing potential is applied to the working electrode, the metal ions in the electrolyte
are deposited on the surface of the ITO in their metallic form, thus darkening the window. At the
same time, the counter electrode provides the other half of the redox reaction to balance charge.
By changing the amount of time the voltage is applied to the window, the thickness of the metal
electrodeposited on the ITO is controlled, thus resulting in a device with tunable optical

transmission. When an oxidation potential is later applied to the working electrode, the metal is

stripped off the ITO and turned back into ions, making the window more transparent.>4-3



RME dynamic windows have been shown to possess superior optical contrast and
potentially faster switch times than other methods.*!*!>*7 Metals have several intrinsic properties
that make them ideal for dynamic windows. Metals are highly opaque in their elemental
form.*®* This opacity results in the ability to block light effectively using films only tens of
nanometers thick.***! Additionally, many metals are chemically noble and color neutral.’**
Several relatively noble metals (Bi, Cu, Pb, Ag, and Au) have previously been reported for use in
dynamic windows.**-*6 Recently, Zn has been investigated as a nonnoble alternative to these
metals. 47
We previously developed Zn RME electrolytes containing ZnClz, ZnBr2, and sodium
formate that have a high Coulombic efficiency of 99% and support a high contrast ratio of
greater than 70%.%” Zn has several inherent advantages compared to other metals such as Bi, Cu,
and Pb. Zn electrodeposits produce a black window in the opaque state, whereas Cu is red.*>
Zn is also nontoxic, unlike Pb.*** Furthermore, unlike Ag and Au, Zn is inexpensive. **->03!
Compared to Bi, which is only soluble in water at pH < 2 under standard conditions, Zn is
soluble in water at higher pH values.*®**>? Unlike highly acidic Bi electrolytes, these less acidic
Zn electrolytes do not etch ITO, resulting in improved device shelf life.>

However, the standard reduction potential of -0.76 V vs. normal hydrogen electrode
(NHE) of Zn means that it is substantially less noble than other metals used in dynamic
windows.”? While the presence of coordinative ligands to form Zn complexes can shift the
standard reduction potential, this standard reduction potential is negative enough that it indicates
that from a thermodynamic perspective, water will be reduced to Hz before Zn ions can become

Zn metal.>> However in many cases, the overpotential for H, evolution is much larger than that

of Zn electrodeposition, which allows Zn deposition to occur prior to H> evolution.’® Side



products of Zn reduction, ZnO and Zn(OH),, are formed on the surface of the working electrode
during deposition under appropriate conditions. These species kinetically inhibit H> evolution at
the working electrode.*”-’

In this manuscript, we explore a new class of Zn electrolytes that employs sulfate anions.
Supporting ions in Zn electrolytes have previously been demonstrated to dramatically affect the
morphology of Zn electrodeposition by both changing the speciation of Zn complexes in the
electrolyte and affecting the dynamics of metal nucleation and growth on the electrode.*” The
morphology of the metal electrodeposits is an important parameter that dictates device switching
speed because smoother electrodeposits block light more efficiently than rough ones. We were
intrigued by battery literature demonstrating that ZnSOs-based electrolytes supported batteries
with long cycle lives.’®® We find that the sulfate anion improves the Coulombic efficiency of
the Zn electrolytes and also greatly influences the morphology of Zn electrodeposits. These
studies will aid in the future development of robust Zn dynamic windows.

2. Experimental Section

Chemicals were obtained from commercial sources and used without further purification.
Three-electrode experiments were performed and measured using a Zn metal foil (99.9%) as a
reference electrode and a separate Zn metal foil as a counter electrode. ITO on glass was
modified by spray coating a 3:1 vol. % dispersion of water and Pt nanoparticles (Sigma Aldrich,
3 nm in diameter) on ITO on glass substrates (Xinyan Technology, 15 Q sq!). The Pt-modified
ITO on glass substrates were then heated under air at 200°C for 20 minutes and were used as the
working electrodes with a geometric surface area of 3 cm?. The Pt nanoparticles serve as a seed
layer that improves metal nucleation kinetics and electrodeposit uniformity as has been described

previously.!” Electrochemistry was conducted using a VSP-300 Biologic potentiostat. All CV



data presented are the second cycle unless otherwise stated. Transmission data were recorded
with an Ocean Optics FLAME-S-VIS-NIR spectrometer with an Ocean Optics DH-mini UV-
Vis-NIR light source.

For three-electrode spectroelectrochemical experiments, measurements were conducted
in a 2 cm by 2 cm glass cuvette with 5 mL of electrolyte. A transmission value of 100% was
defined as the electrolyte in the cuvette without the working electrode.

The compositions of various electrolytes are listed in the figure captions. Solutions were
prepared by adding the appropriate solids to 20 mL of de-ionized water. The pH values of the
solutions were then adjusted to 4.8 + 0.3 with the conjugate acid of an electrolyte anion. For
example, chloride-containing electrolytes were pH adjusted with HCI, while nitrate-containing
electrolytes were pH adjusted with HNOs. The solutions were next converted to gels by the
addition of 2% wt. hydroxyethylcellulose (Sigma Aldrich, average My ~90,000) after stirring
overnight.! Electrolytes containing polyethylene glycol utilized the polymer with an average My
of 1,500 (Sigma Aldrich).

For two-electrode 25 cm? dynamic windows, Cu tape with conductive adhesive was first
placed along the edges of the Pt-modified ITO on glass to make uniform electrical connection to
the perimeter of the working electrode. The counter electrode was comprised of a Zn mesh with
a wire diameter of 3 mm and an interwire spacing of about 1 cm. The mesh was placed on top of
a nonconductive glass backing. In future work, we will develop more aesthetically-pleasing Zn
meshes that possess thinner metal grid lines that are more optically transparent. The development
of thin metal grid lines, however, is outside the scope of this work, but they have been studied in
other reversible metal electrodeposition systems previously.®! Butyl rubber (Solargain, Quanex,

Inc.) was placed around the edges of the device stack to seal the two electrodes together with an



interelectrode spacing of about 5 mm. The gel electrolyte was then injected into the device stack
through the butyl rubber sealant via a syringe. The outside surfaces of the completed dynamic
window were cleaned with glass cleaner before performing the optical measurements. For
window experiments, a transmission value of 100% was defined as open air. Transmission
spectra were recorded in the center of the window and through an opening in the Zn mesh.
However, some of the light from the light source was blocked by the mesh wires, which explains
why the clear state transmission values for the 25 cm? dynamic window measurements are
significantly less than those recorded in the three-electrode experiments.

Scanning electron microscope (SEM) images were obtained using a JOEL JSM-6010LA
microscope with an operating voltage of 20 kV. X-ray diffraction (XRD) was conducted using a
Bruker D2 X-ray Diffractometer. The electrodeposits for SEM and XRD analysis were formed as
indicated in the figure captions.

3. Results and Discussion
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Figure 1: Cyclic voltammograms (A) and corresponding transmission at 600 nm (B) at a scan
rate of 50 mV s™! of Pt-modified ITO working electrodes in electrolytes containing 0.5 M ZnSO4
(black line), 0.5 M Zn(NOs3): (red line), or 0.5 M Zn(ClO4)2 (blue line).



To study the electrochemical behavior of Zn and how the supporting anions can influence
the electrodeposition and stripping processes, we selected three Zn compounds that have non-
coordinating anions. Each experiment was done with the same molarity of metal ions to ensure
that the only difference would be the anions. Because all three species are non-coordinating
anions, we expected that all of the electrolytes would share general Zn deposition and stripping
features. However, the results show important differences. While both the cyclic voltammograms
(CVs) of ZnSO4 and Zn(ClO4)> contain prominent deposition and stripping features, the CV for
Zn(NO3)> possesses a relatively small amount of current (Figure 1A). In tandem with Zn
electrodeposition, NO3™ reduction to NO;™ and NH3 occurs at potentials more negative than -0.3
V. This finding matches previous studies of NO3™ on Zn electrodes.? Furthermore, a CV in a 0.5
M NaNOs electrolyte without Zn** also exhibits reductive current at similar voltages, providing
further evidence that NO;3™ reduction occurs (Figure S1). As a result, the NO3™ reduction reaction
inhibits the reversible Zn electrodeposition process.

The differences in the voltammetry also correspond to altered optical transmission of the
electrodes during the CVs (Figure 1B). The electrode transmission using the Zn(NOs3)>
electrolyte possesses the lowest change in transmission with a contrast ratio (defined as the
difference between the maximum and minimum transmission values during one cycle) of less
than 10% during deposition (Figure 1B, red line) due to the inhibitory effect of NOs". Similarly,
the experiment with Zn(ClO4)> exhibits an electrode contrast ratio of only slightly greater than
10% (Figure 1B, blue line). In addition to its non-coordinating nature, ClO4 is an
electrochemically inert anion unlike NOs". Previous studies of RME electrolytes with Bi and Cu
have demonstrated that ClO4™ does not actively participate in the metal deposition and stripping

processes.>*® Therefore, the voltammetry and transmission results for the Zn(ClOa4), can be



interpreted as arising from solely Zn electrochemistry. Interestingly, the transmission curve for
the ZnSO4 possesses much greater optical contrast (>45%) than the other two electrolytes
(Figure 1B, black line). Furthermore, the electrode with the ZnSOs electrolyte is the only one
that reaches its original transmission during Zn stripping. The finding that the ZnSO4 electrolyte
supports high current density and good optical contrast and reversibility demonstrates that even
though SO4>" is a non-coordinating anion, there is a beneficial secondary effect of SO4*" that aids

in Zn spectroelectrochemistry. The subsequent experiments in this manuscript explore this

hypothesis.
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Figure 2: Cyclic voltammograms (A) and corresponding transmission at 600 nm (B) at a scan
rate of 50 mV s™! of Pt-modified ITO working electrodes in electrolytes containing 0.1 M ZnSO4

(black line), 2.5 M ZnSOq4 (blue line), or containing 2.0 M sodium formate and 0.5 M ZnSO4 (red
line).

In Figure 1B and all subsequent analogous figures, the initial transmission values of the
electrolytes are different. These discrepancies result from the fact that the data were taken from
the second CV cycles, and so any irreversibility from the first cycle resulted in a decreased
starting electrode transmission. We analyze the second cycles of the CVs because nucleation

occurs more prominently on the ITO working electrode during the first CV cycle, which



complicates analysis. In this way, the second CV cycle is more representative of the general
spectroelectrochemical behavior of the electrolytes.

After identifying the beneficial effects of SO4>", we evaluated the spectroelectrochemistry
of the ZnSOy4 electrolyte at two additional concentrations (Figure 2, black and blue lines). Before
explaining the results, we note that the electrolytes in Figure 2 are liquid electrolytes, while those
in all other figures in the manuscript are gels formed by the addition of 2 wt. %
hydroxyethylcellulose. Liquid electrolytes were analyzed in this data set because ZnSO4 is not
soluble in gels formed at concentrations of 2.5 M or higher. Compared to the 0.1 M electrolyte,
the electrode using the 2.5 M ZnSOjs electrolyte exhibits a greater current density during both
deposition and stripping, as well as better optical properties including greater contrast and
reversibility. This finding is expected because a greater quantity of Zn ions increases the current
associated with Zn electrochemistry.

However, in our discussion of Figure 1, we identified that SO4> influences Zn
electrodeposition, and therefore we wondered if the enhanced Zn deposition and stripping
current with 2.5 M ZnSOj is attributed solely to the increased Zn** concentration. To determine
the effects of Zn>" and SO4>, we performed a CV with 2 M Na»SO4 and 0.5 M ZnSO4 (Figure
2A, red line). This electrolyte contains an equal molarity of SO4* ions, but a reduced amount of
Zn**, 0.5 M, as compared to the 2.5 M ZnSOs electrolyte. Because the CV of the electrode with
the NaxSO04-ZnSO4 electrolyte possesses less current than the 2.5 M ZnSOs electrolyte, we
conclude that the increased concentration of Zn>* does indeed result in faster Zn plating.

Furthermore, the transmission curve of the 2.5 M ZnSO4 liquid electrolyte (Figure 2B,
blue line) exhibits similar optical contrast (>45%) as the 0.5 M ZnSO4 gel electrolyte (Figure 1B,

black line). Previous studies with Bi-Cu RME systems have shown that electrolytes containing

10



hydroxyethlycellulose facilitate higher contrast ratios than liquid electrolytes due to their ability
to produce more compact metal electrodeposits.” The observation that the two electrolyte
concentrations exhibit similar optical contrasts demonstrates that while the increased
concentration of Zn** results in increased current density in the 2.5 M electrolyte, the absence of
the gel is detrimental. These two processes effectively cancel each other out, giving the 2.5 M
liquid electrolyte and 0.5 M gel electrolyte equal optical contrasts. However, the gel electrolyte
has the advantage of being more suited to the construction of practical dynamic windows.
Because 2.5 M ZnSOy is not soluble in the gel electrolyte, we chose to study derivatives of the
0.5 M ZnSOy4 gel electrolyte for the remainder of this manuscript.

Our next objective was to identify if there were any additional supporting ions that could
be added to improve the electrolyte performance. Previous studies have shown that sodium
formate improves the performance of Zn RME electrolytes that do not contain SO4*.*’ This
improvement is due in part to the basicity of formate (pKa. = 3.7), which increases Zn stripping
kinetics through the formation of soluble Zn formate complexes at the ITO-electrolyte interface.
In addition to its basicity, the sterically unencumbered structure of formate allows enhanced
nucleophilic attack on electrodeposited Zn as compared to other carboxylates such as acetate. It
was also shown that halides aid Zn stripping due to the formation of stable Zn-halogen
coordination complexes.*’ Based on this previous work, we decided to study ZnSO4 electrolytes
with the addition of sodium formate and Zn halides. Due to the insolubility of ZnF> and the ease

with which I is oxidized to I, we focused our studies on ZnCl> and ZnBr».
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Figure 3: Cyclic voltammograms (A) and corresponding transmission at 600 nm (B) at a scan
rate of 50 mV s™! of Pt-modified ITO working electrodes in electrolytes containing 0.5 M sodium
formate and 0.25 M ZnSO4 and 0.25 M ZnCl> (black line), 0.25 M ZnSO4 and 0.25 M ZnBr; (red
line), or 0.25 M ZnBr; and 0.25 M ZnCl: (blue line).

Figure 3 shows CVs and the corresponding electrode transmissions for the ZnCl>-ZnSOs-
HCOONa and ZnBr>-ZnSO4+-HCOONa electrolytes as compared to the previously studied ZnCl,-
ZnBr,-HCOONa electrolyte.” While the general features of the CVs among the three
electrolytes are similar (Figure 3A), there are important differences in the optical reversibility of
the systems (Figure 3B). The ZnCl-ZnSO4-HCOONa and the ZnCl2-ZnBr.-HCOONa
electrolyte both possessed similarly large optical contrast ratios, and the electrode transmissions
for both electrolytes return to their initial values during stripping. These results indicate that the
ZnCl-ZnSO4-HCOONa electrolyte developed in this manuscript is comparable in terms of its
spectroelectrochemical performance to the previously developed ZnCly-ZnBr,-HCOONa
system.*” Furthermore, the electrode using the ZnBr,-ZnSOs electrolyte exhibits the lowest
contrast ratio (<60%) and also is the least optically reversible. Previous results with ZnBr»-
HCOONa RME electrolytes demonstrate that bromide favors the formation of large

heterogeneous particles that are more difficult to strip than films of smaller, more homogenous
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deposits.*” Having established that the ZnCl,-ZnSO4-HCOONa electrolytes possess promising
spectroelectrochemical attributes for dynamic windows, we next performed systematic
compositional studies to understand the function of each electrolyte component and their relation

to each other.
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Figure 4: Cyclic voltammograms (A) and corresponding transmission at 600 nm (B) at a scan
rate of 50 mV s’! of Pt-modified ITO working electrodes electrolytes containing 0.5 M ZnSO4
(green line), 0.5 M sodium formate and 0.5 M ZnSO4 (red line), 0.25 M ZnCl,, and 0.25 M
ZnSQOq4 (blue line), or 0.5 M sodium formate, 0.25 M ZnSO4, and 0.25 M ZnCl; (black line).

As a point of comparison, the spectroelectrochemistry of the ZnSOs electrolyte is
reproduced as the green lines in Figure 4. The CV of the electrolyte with formate added exhibits
reduced current density for both Zn electrodeposition and stripping (Figure 4A, red line). The
corresponding electrode transmission also possesses lower contrast and less reversibility (Figure
4B, red line) as compared to ZnSO4 only. Furthermore, the addition of chloride to the ZnSO4
electrolyte results in even less current density in the CV and less optical contrast and reversibility
(Figure 4, blue line). However, the addition of both formate and chloride to the ZnSO4

electrolyte results in a similar CV (Figure 4A, black line) as the ZnSO4 only. The electrode in

this electrolyte also has excellent optical reversibility and the greatest contrast ratio of around
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70% compared to about 50% for ZnSO4 only. The improved spectroelectrochemical properties of
the ZnCl>-ZnSO4-HCOONa are surprising given that individual additions of formate or chloride
to ZnSO4 produced inferior performance. These results indicate that formate and chloride
together with the ZnSOs have a beneficial synergetic effect. Later in the manuscript, we
demonstrate that this synergy is related to the morphology of the electrodeposits formed from

this electrolyte.
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Figure 5: Coulombic efficiencies of the CVs (red bars) and corresponding optical reversibilities
of electrodes (blue bars) using sulfate electrolytes with various compositions.

The improved spectroelectrochemical properties of the ZnCl2-ZnSO4-HCOONa
electrolyte are also evident in the Coulombic efficiency and optical reversibility of the electrodes
in the various electrolytes (Figure 5). Here, the Coulombic efficiency is defined as the amount of
charge passed during Zn stripping divided by the amount of charge passed during Zn
electrodeposition. The optical reversibility of the electrode is defined as the ratio of the
transmission changes during the deposition and stripping processes during the CV cycle, and is

given by Equation 1, where Tiniria 1S the transmission at the beginning of the CV, Tjuu is the
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transmission at the end of the CV, and T, 1s the minimum transmission measured during the

CV.
% (Equation 1)
The ideal value for both the Coulombic efficiency and optical reversibility is 100%, which would
indicate that the electrolyte supports complete electrochemical and optical reversibility,
respectively. The data in Figure 5 demonstrate that across the five electrolytes evaluated there is
a correlation between Coulombic efficiency and optical reversibility. In particular, the ZnCl,-
ZnSO4-HCOONa electrolyte possesses the highest Coulombic efficiency (99%) and optical
reversibility (100%). These values are significantly higher than those for the electrolytes
containing the individual components (ZnSOs, ZnSO4-HCOONa, and ZnCl>-ZnSOy4).

Compared to the ZnCl-ZnSOs-HCOONa electrolyte, a ZnBr;-ZnSOs-HCOONa
electrolyte has only a slightly diminished Coulombic efficiency (97%), but the corresponding
optical reversibility decreases significantly (85%). This decreased optical reversible likely arises
from morphological changes induced by the presence of Br,, which inhibits electrodeposit
stripping. Indeed, previous work with related ZnBr; electrolytes has shown that Br™ induces the
formation of large heterogeneous Zn particles.’ These larger particles have fewer points of

contact with the electrode and thus generally exhibit slower stripping kinetics. Next, we more

thoroughly investigate how electrodeposit morphology impacts optical switching speed.
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Figure 6: Transmission at 600 nm of the working electrode during Zn electrodeposition at -1.0 V
(A) and stripping at +2.5 V (B) in electrolytes containing 0.5 M ZnSO4 (green line), 0.5 M
sodium formate and 0.5 M ZnSOy (red line), 0.25 M ZnCl, and 0.5 M ZnSOy (blue line), or 0.5
M sodium formate, 0.25 M ZnSOs4, and 0.25 M ZnCl: (black line). To elicit Zn electrodeposition,
chronoamperometry was conducted at -1.0 V until the transmission at 600 nm reached 1%. Next,
Zn stripping was conducted at +2.5 V for 30 s.

We evaluated the speed of electrode darkening and stripping during Zn deposition by
measuring the time required to reach and return from 1% transmission in each electrolyte (Figure
6). This investigation was also coupled with SEM images of each electrolyte’s electrode during
deposition (Figure 7). The electrode using the electrolyte containing only ZnSO4 decreases to
about 1% transmission in less than 10 s (Figure 6A, green line). During metal stripping, the
electrode transmission returns most of the way to its original 70% value within 20 s (Fig 6B,
green line). The short amount of time that the electrode takes to reach 1% transmission can be
explained by its SEM images (Figures 7A and S2A). The dark regions of the images show that
the ZnSO4 electrolyte produces a smooth, fairly uniform film of electrodeposits that is capable of
blocking light effectively. However, the images also reveal lighter particles that possess a more
dendritic structure. Due to their lower surface coverage, these dendritic structures do not

significantly aid in reducing electrode transmission, but they hinder electrode stripping kinetics

in comparison to the other tested Zn electrolytes.
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The addition of formate to the electrolyte substantially increases the amount of time
needed for the electrode to reach 1% transmission (Figure 6A, red line). Despite the slower
darkening speed, this electrolyte results in the fastest bleaching time of the four electrolytes
tested (Figure 6B, red line). The electrodeposited film on the electrode with this ZnSOg-
HCOONa electrolyte is comprised of loosely-packed particles (Figures 7B and S2B). The spaces
between the electrodeposited particles allow light to pass through, which explains the slower

electrode darkening time. However, the relatively smaller size of the particles allows for more

surface contact with the electrode, which enables faster stripping kinetics.

Figure 7: Scanning electron microscopy images of Zn electrodeposits obtained after a linear
sweep voltammogram from 0 V to -1 V at 5 mV s™! in electrolytes containing 0.5 M ZnSO4 (A),
0.5 M sodium formate and 0.5 M ZnSO4 (B), 0.25 M ZnSO4 and 0.25 M ZnCl, (C), and 0.5 M
sodium formate, 0.25 M ZnSOys, and 0.25 M ZnCl: (D).

The electrodeposits produced from the ZnCl2-ZnSOg4 electrolyte consist of larger and
denser particles than those generated using the ZnSO4-HCOONa electrolyte (Figures 7C and

S2C). This film has fewer and smaller gaps, and thus the electrode possesses the fastest
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darkening time (Figure 6A, blue line), but the large size of the particles also results in the slowest
bleaching time (Figure 6B, blue line). The transmission profiles during stripping of the
electrodeposits from both the ZnSO4 and ZnCl>-ZnSO4 electrolytes possess a shoulder at around
15 s. We hypothesize that this shoulder occurs because these electrodeposits contain particles
with two distinct morphologies, each of which exhibits different stripping kinetics.

The full ZnClh-ZnSO4-HCOONa electrolyte possesses similar transmission profiles
(Figure 6, black line) as the ZnSO4-HCOONa electrolyte during both deposition and stripping.
SEM images reveal that the film on the electrode from the ZnCl2-ZnSO4-HCOONa electrolyte
contains a sparse coverage of small, thin particles. This morphology is not as effective at
blocking light, which explains the relatively slow electrode darkening time with this electrolyte
(Figure 6A, black line). However, the small particles are conducive to rapid metal stripping
(Figure 6B, black line). The fast stripping speed facilitated by this morphology combined with
this electrolyte’s high Coulombic efficiency (99%) make the ZnCl>-ZnSO4-HCOONa electrolyte
a promising candidate for practical Zn-based dynamic windows. Therefore, we studied the long-

term cyclability of dynamic windows using this electrolyte.
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Figure 8: Transmission at 600 nm (A) and chronoamperometry (B) of a 25 ¢cm? Zn dynamic
window using the ZnCl>-ZnSO4-HCOONa electrolyte. The device was switched at -1.4 V for 20
s to induce metal electrodeposition and +1.75 V for 180 s to elicit metal stripping.

Figure 8 shows the optical transmission and chronoamperometry of a 25 cm? two-
electrode dynamic window with the ZnCl»-ZnSO4+-HCOONa electrolyte over the course of 28
cycles. The low starting transmission of the window of about 56% is due to the mesh counter
electrode, which blocks some of the light passing through the window. If commercially adopted,
RME windows could utilize meshes with thinner diameter wires that are invisible to the human
eye.%? The window was, however, able to achieve a contrast ratio of about 50% during its first
cycle (Figure 8A). This high contrast ratio is complimented by nearly complete optical
reversibility. Furthermore, these cycling properties are more or less retained during the next 21
cycles. During further cycling, however, the contrast decreases precipitously, resulting in a less
than 3% contrast ratio during the final cycle. Interestingly, the declining contrast ratio is not
accompanied by a similar decline in the current density during chronoamperometry (Figure 8B).
This result suggests that a change in morphology or composition of the electrodeposit instead

occurs, as opposed to degradation of the ITO working electrode.

—— No cycling
74 —— After 28 Cycles
——Pt-ITO

Counts Per Second

20 (deg.)
Figure 9: X-ray diffraction spectra of Pt-modified ITO working electrodes before assembly
(blue line) and after incorporation in a 25 cm? Zn dynamic windows using the ZnCl,-ZnSOs-
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HCOONa electrolyte without cycling (black line) and after 28 cycles (red line). The red arrow
indicates the new peak at 34°, which is ascribed to Zns(OH)sSOs, that appears after cycling.

To investigate if the composition of the ITO working electrode changed during cycling,
we performed XRD at different states of the Zn dynamic window (Figure 9). The XRD spectrum
of the initial Pt-modified ITO electrode before window assembly (blue line) has characteristic
peaks at 22°, 31°, 36°, 51°, and 61°, which are ascribed to the (211), (222), (400), (440), and
(622) crystalline facets, respectively, of InO; in the ITO.** We then measured the XRD
spectrum the Pt-modified ITO electrode after it was cycled 28 times in a 25 cm? Zn dynamic
windows using the ZnClz-ZnSO4-HCOONa (red line). When comparing the XRD spectrum of
this cycled electrode with the pristine Pt-modified ITO spectrum, the cycled spectrum possesses
a new peak at 34° (red arrow). Based on published XRD analysis of the interaction of Zn** and
SO4? ions, this peak could be due to Zna(OH)sSO4.%* Alternatively, this peak could be assigned
to ZnO. The published XRD spectra of both Zns(OH)sSO4 and ZnO possess a peak around 34°,%
and because this peak is the only new one to arise in the spectrum of the cycled electrode, it is
difficult to distinguish between the two species. To confirm that this peak is a result of cycling,
we recorded an additional XRD spectrum of a Pt-modified ITO electrolyte that rested at open
circuit potential in a non-cycled window for the same amount of time as it took to switch the
cycled electrode 28 times (black line). Because there is no peak at 34° for this sample, ZnO or
Zn4(OH)sSO4 must be a product of electrochemical cycling, not simply electrolyte immersion.

We hypothesize that the side production of Zn4(OH)sSO4 (alternatively expressed as
(Zn(OH)2)3ZnS04) during window cycling could, at least in part, be responsible for the
deterioration in optical contrast seen in Figure 8A. Previous work on cycling dynamic windows

using other Zn electrolytes without SO4*" demonstrated that Zn(OH), accumulates on the ITO
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working electrode and is also a cause of optical contrast degradation during cycling.*’ In both
cases, an alkaline Zn(OH);-based species is produced.

To further test the hypothesis that alkaline Zn(OH)> accumulates during cycling, we used
acid immersions to see if cleaning the electrode would restore the performance of the electrode.
Towards this end, we cycled a Pt-modified ITO working electrode in a three-electrode
spectroelectrochemical cell using chronoamperometry. This setup allowed us to easily remove
the working electrode to immerse it in acid in an attempt to chemically dissolve accumulated
Zn(OH),. The electrode was subsequently washed thoroughly with water to remove any residual
acid before it was reintroduced into the Zn electrolyte for further cycling. For these studies, we
used the ZnCl-ZnBr.-HCOONa electrolyte with 2 wt. % polyvinyl alcohol (PVA), which
exhibits enhanced cycling durability. The PVA has been shown to produce a more uniform and
smooth electrodeposit morphology in other RME systems, which improves cycling durability.’
Indeed, cycling durability is significantly reduced without PVA even with a seven-minute
strpping time (Figure S3).

100 ~

80

60

—— Maximum Transmission
40 —— Minimum Transmission

204

Transmission at 600 nm (%)

04

0 I1(I)0I2(I)OI3(I)0I4(|)0I5(I)OI

Cycle Number
Figure 10: Maximum (black line) and minimum (red line) transmission at 600 nm of a Pt-
modified ITO working electrode during chronoamperometry cycles. For each cycle, the voltage
was held at -1.4 V for 12 s to induce electrodeposition followed by +1.75 V for 7 min to elicit
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stripping. After every 100 cycles, the electrode was subjected to an acid immersion step as
explained in the text.

Figure 10 shows the results of the acid-immersion cycling experiments over the course of
500 cycles. After every 100 cycles, the electrode was placed in 1 M HCI for 5 minutes and
washed with water before cycling continued in the ZnCl,-ZnBr,-HCOONa electrolyte. The acid
immersion steps prevented the decline in optical contrast ratio seen previously in Zn dynamic
windows.**4762 A seven-minute stripping time was used to ensure complete optical reversibility
throughout the course of each block of 100 cycles. A shorter stripping time, for example of one
minute, results in optical irreversibility over 100 cycles regardless of whether PVA is in the
electrolyte (Figures S4-S5).

Taken together, these results provide strong evidence that a Zn(OH)»-based surface layer
is responsible for poor long-term electrochemical cycling of Zn dynamic windows. In future
work, we will focus on suppressing or eliminating the accumulation of Zn(OH), without the acid
immersion steps to increase Zn dynamic window cycle life. We next describe the use of a
different polymer additive, polyethylene glycol (PEG), as one strategy to increase the

cycleability of devices based on reversible Zn electrodeposition.
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Figure 11: Maximum and minimum transmission at 600 nm of Pt-modified ITO working
electrodes during chronoamperometry cycles using electrolytes containing 0.25 M ZnBr», 0.25 M
ZnCl,, and 0.5 M sodium formate with 0.1 wt. % (black line), 1 wt. % (red line), 5 wt. % (blue
line), and 10 wt. % (green line) PEG. For each cycle, the voltage was held at -0.8 V for 15 s to
induce electrodeposition followed by +2.5 V for 55 s to elicit stripping.

In our attempt to increase the cycle life of Zn-based windows, we were inspired by
previous work on Zn batteries in which the inclusion of PEG extends battery cycleability.®® As
we previously discussed above, polymers can improve both the optical contrast and lifespan of
RME windows.’ We engaged in a systematic study to investigate the impact that PEG could have
on a window as a function of the amount of polymer in the electrolyte. The addition of 0.1 wt. %
PEG to the ZnCl>-ZnBr.-HCOONa electrolyte (Figure 11, black line) resulted in a system that
was able to reach less than 0.1% minimum transmission during each cycle. However, these
steady minimum values were accompanied by an almost immediate steep decline in the
maximum transmission of the ITO electrode from greater than 80% to less than 30%
transmission in fewer than 100 cycles. We hypothesize that the low quantity of PEG favors the
accumulation of ZnO and Zn(OH): side products during cycling, which impede electrodeposit
stripping kinetics as has been demonstrated previously in the electrolyte without PEG.*’

Increasing the quantity of PEG in the electrolyte to 1 wt. % enabled the system to
maintain a high maximum transmission and low minimum transmission for more than 300 cycles
(Figure 11, red line). Further increasing the PEG content to 5 wt. % yielded a system that cycled
more than 1,100 times with less than 0.1% minimum transmission and greater than 80%
maximum transmission (Figure 11, blue line). These results show that the addition of PEG to the
electrolyte can greatly extend the reversibility of Zn electrodeposition. The cycle life, however,
significantly decreases to less than 20 cycles when the concentration of PEG is increased to 10%

wt. Unlike the other PEG electrolytes, instead of the maximum transmission of the ITO electrode
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decreasing, it is the minimum transmission of the ITO electrode that degrades during cycling,
indicating that the high concentration of PEG inhibits Zn electrodeposition kinetics. As a whole,
these results demonstrate that there is an optimal concentration of PEG (i.e. about 5 wt. %) that is

most effective at enhancing the reversibility of Zn electrodeposition.
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Figure 12: Scanning electron microscopy images of Zn electrodeposits obtained after
chronoamperometry at -0.8 V for 15 s in electrolytes containing 0.25 M ZnBr», 0.25 M ZnCl,,
and 0.5 M sodium formate without (A, B) and with 5 wt. % PEG (C, D).

To investigate the origin of the enhanced cycle life in the presence of 5 wt. % PEG, we
conducted SEM and XRD analysis. SEM images show that the Zn electrodeposits formed using
the electrolyte without PEG are nonuniform and loosely packed (Figures 12A and 12B). The
gaps in this morphology are inefficient at blocking light, which hampers the switching speed and
minimum attainable transmission of the device. By comparison, the morphology of the

electrodeposits produced from the electrolyte with PEG is much more uniform and densely

packed (Figures 12C and 12D).
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Figure 13: X-ray diffraction spectra of Pt-modified ITO working electrodes using the ZnCl,-
ZnBr;-HCOONa electrolyte without (black lines) and with (red lines) 5 wt. % PEG after
deposition at -0.8 V for 15 s (A) and after 100 cycles using -0.8 V for 15 s and 2.5 V for 55 s
ending on deposition (B).

Using XRD, we also analyzed the composition of electrodeposits generated from
electrolytes with and without PEG before and after cycling. For both electrolytes, the XRD
spectra of electrodeposits produced on fresh electrodes display a prominent peak at about 23°,
which is due to Zn(OH) (Figure 13A).%7 In contrast, the XRD spectra of the electrodeposits after
100 switching cycles differ dramatically with and without PEG (Figure 13B). Without PEG, the
most intense peak in the spectrum appears at around 43°, which is ascribed to the metallic
Zn(101) crystal facet (Figure 13B, black line).%® Previous work has shown that the (101) face is
dominant in Zn when electrodeposits have a dendritic morphology, similar to those we observed
in the SEM images (Figures 12A and 12B).%*7° However, with PEG, the most intense peak in the
spectrum is positioned at 38°, which is due to the Zn(002) facet (Figure 13B, red line). In Zn
batteries, the presence of this (002) facet is correlated with enhanced cycleability and the
formation of prismatic-like deposits that resemble those produced on ITO in this work (Figure

S6). During metal electrodeposition, the absorption of PEG on the surface of Zn decreases

nucleation compared to growth.® With a decreased nucleation rate, dendrite formation is
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suppressed. This mechanism results in a Zn morphology with increased uniformity, which
enhances cycle life. Taken together, these results are yet another instance presented in this
manuscript of how the morphology of Zn electrodeposits can be tuned based on the chemical
composition of the electrolyte, which in turn affects the reversibility of Zn electrodeposition
systems.

4. Conclusions

In this manuscript, we study Zn RME dynamic window electrolytes by systemically
studying the effect non-coordinating anions, primarily SO4*, have on reversible Zn
electrodeposition and dissolution. By comparing the morphology, compositions, optical
reversibility, current density, and Coulombic efficiency of different combination of Zn
electrolytes, we were able to build a connection between the anions and the
spectroelectrochemical properties of the electrolytes. We established a relationship between the
morphology and the optical reversibility of Zn electrodeposition and stripping. We then applied
these results to build a 25 cm? dynamic window, which showed excellent optical contrast.
Although the cycling durability of these windows were poor, we discovered that the
accumulation of Zn(OH): species on the ITO electrode is responsible for optical degradation. We
showed the elimination of these accumulated species greatly enhances the long-term cyclability
of the windows. Lastly, we further demonstrated that the addition of PEG to the electrolyte
greatly extends device cycle life. For all of these reasons, Zn window are promising candidates
for future practical RME dynamic windows, and they warrant further research.
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The Supporting Information is available free of charge.
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Additional SEM images, transmission data, and chronoamperometry data of the
reversible Zn electrodeposition systems.
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