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Dynamic windows based on reversible metal electrodeposition enable users to
electronically control the light into and out of buildings. Herein, Yeang et al.
elucidate advantages of pulsing over direct current electroplating for dynamic
windows: by effectively suppressing dendrite growth, pulsing enables faster
switching to 0.1% transmittance (privacy state) and longer cycle life.
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Pulsed electrodeposition for dynamic windows
based on reversible metal electrodeposition

Andrew L. Yeang," Ziliang Li,%’ Sarah Grunsfeld,® Gabriel R. McAndrews,* Yuchun Cai,”

Christopher J. Barile,® and Michael D. McGehee'24:8.*

SUMMARY

Dynamic windows based on reversible metal electrodeposition elec-
tronically tint and bleach, enabling user control of light into and out
of buildings. The operating mechanism is to reversibly electrodeposit
a thin layer of metal (e.g., Cu and Bi) onto a transparent conductor to
block light. Tinting to a desired opacity is constrained by a rough film
morphology using direct current (DC) electrodeposition, limiting win-
dow switching speed. Here, we show that smoother films can be grown
with pulsed electrodeposition with a 10% duty cycle and 1-Hz fre-
quency because ions are able to diffuse past protrusions during the
rest phase. While these films initially tint slower compared to DC
plating, the films using this pulsing protocol reach 0.1% transmittance
45% faster. Finally, we show that pulsing enables consistent optical
properties of dynamic windows after 2,400 cycles due to effective sup-
pression of dendrite growth on the metal mesh counter electrode.

INTRODUCTION

Dynamic windows enable electronic control of light and heat flow into and out of
interior spaces, improving both energy efficiency’ and building aesthetics to
improve user experience.” Dynamic windows based on reversible metal electrode-
position (RME) are promising due to advantages in color neutrality, cost, and dy-
namic range compared to conventional electrochromic materials (ion-intercala-

% and polymers’). RME dynamic windows operate by the reversible

tion
electrochemical deposition of metal ions (e.g., Bi, Cu, Zn, and Ag) onto a transparent
conducting oxide (TCO) working electrode as a metallic film to block light.®'* This
process occurs when a reductive potential sufficient for metal plating is applied. As
the film grows, the window's transparency decreases (i.e., “tinting"” occurs). If the po-
larity on the electrode is switched, the metal film is oxidized back into the electrolyte,
causing the window to “bleach” (i.e., return to its original transparent state). Typi-

cally, a mostly invisible metal mesh is used as the counter electrode.'™"*

We have previously demonstrated 30 cm x 30 cm devices with neutral color
(C* < 10) that switch from ~65% transmittance to less than 0.1% transmittance in un-
der 10 min"® These metrics were achieved by electrode and electrolyte engineering
to improve the morphology of the metal deposits to be smooth and compact
without degradative reactions (e.g., TCO etching, TCO reduction, or H, evolution

from the electrolyte) in an aqueous and acidic electrolyte system.'??

A common occurrence in metal electrodeposition is to grow protrusions, or “den-
drites.” For window applications, this dendritic growth is typically undesirable as
the metal growing at the tips of the dendrites does not block light, wasting energy
and material.”"? In Li battery applications, dendritic growth can also contribute to
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Figure 1. Qualitative schematic for applied voltage or current profiles vs. time for pulsing vs. DC
conditions

mechanical failure from “dead” Li and Li pits."” Thus, it is desirable in many electro-
deposition fields to have smooth and conformal metal films. One way to achieve

smooth electrodeposited films is through pulsed electrodeposition.'¢°

Most electrodeposition occurs using either direct current (DC) plating, whereby a
constant current or voltage is held throughout the experiment, or pulsed electrode-
position (pulsing), whereby the current or voltage alternates between two or more
values that make up a pulse. Pulsing has been used in metal plating and finishing ap-
plications to control deposition morphology,'® which in turn controls deposition uni-
formity and density."’'"?"?? These pulsed metal finishings are used in a wide range
of applications such as trace deposition on circuit boards, corrosion resistant films, '’
and compositional control of alloys.?*?* Pulsing is typically performed using current
control, which controls the rate of reaction. In our electrochemical system, however,
we have a relatively strict voltage range in which we operate to ensure metal plating
without degradative side reactions,’'™'® and thus we have chosen to use voltage
control for our electrodeposition for pulsed and direct current.

The simplest version of pulsing has the voltage alternate between a reductive value
for metal plating and zero in square waves. There are a few main descriptors for puls-
ing as shown in Figure 1: applied current or voltage during the “on” pulse, pulse
shape (square, triangular, sinusoidal), frequency (or period) of the pulse (Equation 1),
and duty cycle (Equation 2).

1
S — E ion 1
Frequency iy~ Period (Equation 1)
t
Duty cycle = —="— = t,, * frequency, (Equation 2)
ton+toff

where t,, and to represent the on and off time of the pulse.

Figures 2A and 2C show qualitatively the difference in concentration profile between
DC and pulsing conditions. The concentration profile grows over plating time in DC
conditions following Fick’s second law, where the analytical solution of the concen-
tration profile in 1 dimension is shown in Equation 3:

X .
C(x,t) = eﬁ(ﬁ)’ (Equation 3)
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Figure 2. Qualitative schematics for DC and pulsing

(A and C) The concentration profile vs. distance development over plating time for DC conditions (A) and the concentration profile vs. distance
development and replenishment over resting time for pulsing (C).?’

(B and D) Schematic showing difference in diffusion length between (B) DC and (D) pulsing conditions during plating and why dendritic features are
likely to form in DC plating. Schematics adapted from Ibl."®

where C is the concentration, x is distance from the electrode surface, D is the diffu-
sion coefficient, and t is time the DC potential has been held. In this case, the diffu-
sion layer (34c) will grow with time as shown in Equation 4:

opc = VwDt (Equation 4)

This growth in 34. means that, if there are local protrusions, metal ions are likely to
reach these "hotspots” first and electroplate there, forming a dendrite (Figure 2B).
This process is self-reinforcing because the metal ion is likely to plate on this
dendrite that protrudes even further from the electrode surface, further growing
the characteristic height (h).

The concentration profile, however, for pulsing conditions looks much different.
Initially an outer diffusion layer grows, like that of DC conditions, but during the
off pulse, the concentration profile can be restored near the electrode surface
past any protrusions if tos is sufficiently long, enabling a nearly uniform and consis-
tent concentration profile (and thus plating) for each pulse (Figure 2D). This diffusion
length, 3p, is given by Equation 5:

op = V7Dt (Equation 5)

While Equations 4 and 5 have the same form, 8pc will grow with the deposition time,
while dp is constant.

In this work, we demonstrate that a pulsed voltage electrodeposition protocol has
significant advantages over the previously used DC methods for RME windows.
We show that despite tinting faster initially, DC plating takes longer to achieve a
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Figure 3. Spectro-electrochemical comparison between DC vs. pulsing onto Pt-ITO
(A) Transmittance at 550 nm vs. time.

(B) Charge density vs. time.

(C) Coloration efficiency at various tinting times.

transmittance state of 0.1% due to a sparse and dendritic film that is less effective at
blocking light. In contrast, pulsing results in compact, uniform, and smooth films that
are thus more reflective and efficient at blocking light. We realize the benefits of
both protocols by implementing a DC step of 10 s before switching to pulsing result-
ing in a 58% reduction in tinting time to 0.1% transmittance. Finally, we advanced the
durability of RME dynamic windows by employing a pulsed voltage cycling profile
when stripping the metal from the TCO working electrode and plating it on the metal
mesh counter electrode. The pulsing dramatically reduced dendrite growth on the
mesh, allowing the windows to maintain consistent optical contrast and coloration
efficiency after 2,400 cycles to 10% transmittance.

RESULTS AND DISCUSSION

Spectro-electrochemical characterization

Ibl and Puippe have suggested that the duty cycle for pulsing should be <14% to
ensure that the ion concentration profile is restored after each pulse.?’ They also
suggest having to, be ~5x the time to charge the double layer (ty) to ensure that
the majority of the current contributes to metal plating. We determined tq to be
~2.2 ms for our system by analyzing current vs. time after changing the voltage in
a regime where plating does not occur. This analysis is shown in the supplemental
information (Figure S1). We performed a matrix of experiments with three duty cy-
cles (10%, 25%, and 50%) and three frequencies (0.1, 1, and 10 Hz) to determine
reasonably optimal pulsing conditions and test the theoretical recommendations
(Figures S2 and S3). The results led us to choose a 1-Hz frequency and 10% duty cycle
for our pulsing conditions. A 10% duty cycle allows the double layer to charge and
discharge as well as the concentration profile near the electrode surface to be
restored. With a 10% duty cycle, the charge passed is nearly identical for each pulse,
which indicates that the region in which the ion density is depleted is not growing as
the deposition proceeds (see Note S1 for a more detailed explanation).

When compared to DC electroplating with the same voltage, pulsing tints slower at
first but eventually achieves “privacy state” transmittance (0.1% transmittance) both
faster and with less charge (Figures 3A and 3B). Coloration efficiency is a metric used
to describe how efficiently an electroplated film blocks light, combining the change
in optical density and associated charge density passed. Like the transmittance vs.
time curves, the coloration efficiency is higher for DC plating initially but is eventually
overtaken by pulsing in the later stages of tinting (60 s and beyond, Figure 3C). The
lower coloration efficiency for pulsing is likely due to the slow initial tinting and
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Figure 4. Characterization of the metal films from DC and pulsing conditions
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(A-F) SEM images of (A-C) DC conditions (A) after 10's, (B) after 120 s, and (C) in the 0.1% (“privacy”) transmittance state and (D-F) pulsing conditions

(D) after 10 pulses, (E) after 120 pulses, and (F) in the privacy transmittance state. Scale bar represents 500 nm.

(G) RMS roughness values obtained with AFM at various tinting states for DC and pulsing conditions. SEM images at more intermediate states and AFM

images corresponding to the RMS values are shown in Figures S4-S7.

sparse metal deposits initially compared to DC. As tinting continues, these gaps are
filled in more effectively using pulsing, and the metal film is more efficient at block-
ing light. This phenomenon is further explained in the following section.

Materials characterization

The mechanisms that make pulsing beneficial become clear when looking at the
films with scanning electron microscope (SEM) and atomic force microscope
(AFM) (Figures 4 and S4-S7) at various stages of plating. In the initial plating
when the metal particles nucleate and grow, but do not touch, metal particles
from pulsing and DC plating appear similar. The DC-plated films achieve darker
tint states faster due to the plating voltage being “on” 100% of the time. As tinting
continues during DC plating, the diffusion length for the metal ions in solution
grows (Figure 2A), resulting in the growth of metal pillars due to stronger electric
fields and shorter diffusion length between the bulk ions and the tips of the pillars
(Figure 2B). This dendritic film is less effective at blocking light and requires more
metal (and charge) to achieve a given light transmission. In contrast, the diffusion
length remains consistent in pulsing as the ion concentration replenishes during
the off pulse (Figures 2C and 2D), and the metal ions can more easily diffuse to
the electrode surface before being reduced, which creates a more uniform film
that is more efficient at blocking light. Figure 4G shows that the root-mean-square
(RMS) roughness values obtained with AFM measurements rise to 285 nm with DC
plating but stay below 20 nm with pulsed plating. As a result, the thickness of metal
needed to achieve privacy state using pulsing is significantly lower when compared
to using DC plating (Figure S8).

Optical properties

We measured the reflectance from the metal film side and from the glass side at
various tinting states using DC and pulsed plating (Figure 5, see Figure S9 for full
spectral data). The reflectance values depend on the direction of incident light as
the light interacts with the components in a different order (Figure S10). Overall,
the reflectance values are larger for pulsing compared to DC in both orientations.
These differences are expected given the SEM (Figures 4A-4F, S4, and S5) and
AFM (Figures S6 and S7) images of the films. As we have noted previously, the
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Figure 5. Reflectance at 550 nm of metal films at various tinting times
(A) Reflectance from the glass side.
(B) Reflectance from the metal film side.

reflectance is relatively high when light is incident through the glass and TCO
because it encounters a smooth continuous metal surface. The reflectance from
the other side is significantly more interesting. The metal film-side reflectance in-
creases initially for DC plating before dropping to nearly 0% as the film grows.
The reflectivity rises at first because the nucleation is relatively even, and the film
is smooth. Eventually, however, the DC metal film becomes rougher and more den-
dritic, which scatters the light and makes the film absorptive. On the other hand, the
reflectance from the metal film side of the pulsing film increases during tinting until it
reaches ~54% and then remains steady with additional plating. This increase in
reflectance is expected as the roughness of the film is consistent and smooth
throughout plating. The higher reflectivity using pulsing could enable a window to
be more effective at reflecting and rejecting heat (Figure 511)."°

Optimized tinting protocol to reduce tinting time by 58%

While pulsing ultimately results in faster tinting to privacy state transmittance, DC
plating is faster in the initial stages of tinting (Figure 3A). To optimize the tinting pro-
tocol to achieve the fastest tinting speed, we explored a protocol using a DC plating
step before pulsing (Figures 6A and S12). We observed the optimal DC plating time
to be around 10 s (Figure 6B). We attribute this optimization to be at 10 s because in
DC plating, the film has not yet achieved a high roughness (Figure 4G), and the con-
centration profile can still adequately be restored. The optimized protocol reduces
the total tinting time to privacy state transmittance by 58% from DC only and 23%
from pulsing only. This reduction in tinting time will make these windows substan-
tially more attractive to users.

Pulsing enables longer cycle life

Dendrite growth on the metal mesh counter electrode is a major limiting factor for the
cycle life of RME dynamic windows.''~"* The avoidance of dendrites through pulsing is
thus expected to greatly improve cycle life of the windows. To test the device dura-
bility, we fabricated 5 cm X 5 cm dynamic windows and cycled them to 10% transmit-
tance state (Figure S13). For windows cycled with DC, —0.8 V and +0.8 V was applied to
the TCO working electrode during tinting and bleaching, respectively. For windows
cycled with pulsing, the voltages applied were kept at the same magnitudes as that
for DC cycling with a pulsing frequency and duty cycle of 1 Hz and 10%, respectively.
The Cu mesh electrode in the device that cycled with pulsing (i.e., pulsed tinting and
pulsed stripping) maintained a smooth surface after 2,400 cycles (Figures 7C and
7D), without significant degradation in optical contrast and coloration efficiency

6 Cell Reports Physical Science 4, 101660, November 15, 2023
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Figure 6. Optimization of tinting protocol

(A) Transmittance at 550 nm vs. time for various DC times before switching to pulsing.

(B) Time to privacy state summary using various tinting parameters. Note: data points given with
times indicate the amount of time for the DC step before switching to pulsing.

(Figure 8). In contrast, we observed dendrite growth on Cu mesh surrounded with
metal debris in the device that cycled with DC after 1,200 cycles (Figure 7A). Dendrites
and metal debris continued to develop, leading to significant decay in optical contrast
(by 23%) and coloration efficiency (by 39%) after 2,400 cycles (Figures 7B and 8). Note
that for both DC and pulsed cycling, 0.1 wt % polyvinyl alcohol (PVA) was added to the
electrolyte as a polymer inhibitor to suppress dendrite growth."* However, our results
indicate that pulsing works synergistically with additives to further suppress dendrite
growth and to enhance durability of RME dynamic windows.

We showed that pulsing conditions of 1 Hz and 10% duty cycle enable faster tinting
to 0.1% transmittance due to a more dense and uniform film morphology compared
to DC conditions despite being slower initially. This film morphology is achieved us-
ing pulsing where metal ions can diffuse to the electrode surface during the off pulse.
The smooth and uniform morphology enables the metal film to be significantly more
reflective. We also showed an optimized protocol that realizes the benefits of faster
tinting initially by using a DC step before switching to pulsing, which decreases the
tinting time to 0.1% transmittance by 58% compared to the DC-only protocol.
Finally, we showed that cycling using pulsing significantly advances device dura-
bility: 5 cm X 5 cm RME dynamic windows exhibited consistent optical properties
and coloration efficiency over 2,400 cycles. Metal electrodeposition techniques as
presented here can be used in various applications to control metal morphology
(e.g., in batteries) and to give an additional control to the optical properties of
RME dynamic window films (e.g., in thermal camouflage).

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to the lead con-
tact, Michael D. McGehee (michael.mcgehee@colorado.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability
The published article and its supplemental information include all data generated or
analyzed during this study.
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Figure 7. Microscope images of Cu mesh counter electrode of 5 cm X 5 cm dynamic windows
after cycling

(A and B) Cu mesh counter electrode after (A) 1,200 cycles and (B) 2,400 cycles using DC.

(C and D) Cu mesh counter electrode after (C) 1,200 cycles and (D) 2,400 cycles using pulsing.

Electrode preparation

Indium tin oxide (ITO) on glass substrates was purchased from Xinyan Technology
with glass thickness of 0.7 mm with nominal sheet resistance of 10 @ 1" and was
used as the TCO. The TCO substrates were cleaned by sonication in 10 v/v% Extran
in DI water solution, DI water, acetone, and then isopropyl alcohol for 15 min each.
The substrates were then dried with N, and cleaned in a UV-ozone cleaner for
15 min. Next, the TCO substrates were placed in a 10 mM 3-mercaptopropionic
acid in ethanol solution and placed on a shaker for 24 h. The TCO substrates were
then rinsed with ethanol then water before being placed in a Pt-nanoparticle solution
(Sigma-Aldrich) diluted 1:19 with DI water and placed on a shaker for 24-72 h. The
TCO substrates were then rinsed with DI water, dried with N5, and then annealed at
250°C for 25 min. TCO substrates were treated for 10-15 min in the UV-ozone
cleaner prior to use.

Electrolyte preparation

Chemicals were bought and used without purification. The Cu-Bi electrolyte for
three-electrode experiments consisted of 10 mM Cu(ClO,), - 6H,O (ACROS Or-
ganics), 10 mM BiOCIO,4 - H,O (GFS Chemicals), 10 mM HCIO4 (Alfa Aesar) and
1 M LiCIO4 - 3H,0 (ACROS Organics). The electrolyte for two-electrode, 5 cm X
5 cm dynamic windows was the abovementioned electrolyte with 0.1 wt % PVA
(M,, = 31,000-50,000, Sigma-Aldrich). PVA was added last and stirred at
1,200 rpm and 70°C until dissolved.

Dynamic window fabrication

Two-electrode, 5 cm X 5 cm dynamic windows used Pt-modified ITO on glass sub-
strates as the working electrode and Cu mesh (100 mesh, 0.0012” wire diameter) as
the counter electrode. Two layers of butyl rubber edge seal (Quanex: Solargain edge
tape LPO3, 1.5 mm thickness) served as the frame of the dynamic windows.

8 Cell Reports Physical Science 4, 101660, November 15, 2023
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Figure 8. Cycling data for 5 cm x 5 cm dynamic windows

(A) Transmittance at 550 nm at clear state after 1, 600, 1,200, 1,800, and 2,400 cycles.

(B) Coloration efficiency at 550 nm versus number of cycles.

(C and D) Transmittance at 550 nm for cycle 1, cycle 600, cycle 1,200, cycle 1,800, and cycle 2,400
using (C) DC and (D) pulsing.

(E and F) Charge density versus time for cycle 1, cycle 600, cycle 1,200, cycle 1,800, and cycle 2,400
using (E) DC and (F) pulsing.

Conductive nylon tape (Conducty Z22, ElectricMosiac) was used to enable electrical
contact with the ITO working electrode.

Electrochemical characterization and device cycling

Electrochemical experiments were run using a BioLogic SP-150 potentiostat. Three-
electrode experiments used a Pt wire counter electrode and a “no-leak” Ag/AgCl
(eDAQ) reference electrode in a glass cuvette (Labomed, G206). Tinting was per-
formed at —0.7 V vs. Ag/AgCl. The immersed geometric surface area of the working
electrode was 1.0 cm?. Two-electrode dynamic windows were cycled at —0.8 V (DC
or pulsing with 1-Hz frequency and 10% duty cycle) until the charge required for
cycling was passed for window tinting: 51 mC cm 2 for DC and 63 mC cm ™~ for puls-
ing for 10% dark state transmission cycling and +0.8 V (DC or pulsing with 1-Hz fre-
quency and 10% duty cycle) until transparency was restored for window bleaching.
Check in cycles were run by ensuring 10% transmittance was reached.
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Characterization

An Ocean Optics OCEAN FX Miniature spectrometer was used in a standard config-
uration with an Ocean Optics halogen light source (HL-2000) for transmittance and
reflectance measurements.

SEM-EDS was run using an FEI Nova 600i HITACHI SU3500 scanning electron micro-
scope operated at an accelerating voltage of 5 kV and equipped with an EDS detector.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101660.
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