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Abstract

The control of solar light and heat emission through windows is an important strategy for
increasing the energy efficiency of buildings. Reversible Zn electrodeposition has recently
emerged as a promising method for constructing electronically tintable robust dynamic windows.
In Zn electrodeposits formed from dimethyl sulfoxide (DMSO) electrolytes during device tinting,
we observe extraordinary absorption that is in excess of what is predicted by the Beer-Lambert
law for a uniform Zn thin film. The charge required to electroplate these films is abnormally low,
significantly less than previously reported dynamic windows based on reversible metal
electrodeposition, which facilitates the construction of large-area devices that switch uniformly.
Finite-difference time-domain (FDTD) simulations are used to investigate the origin of this
enhanced absorption, which arises from plasmonic effects among the Zn nanostructures and ZnO
dendrites in the film. The dielectric ZnO dendrites promote absorption via slit-like Zn-dielectric-
Zn structures that from hybrid surface plasmon resonance at metal walls. Through these
investigations, we provide design principles to construct low-charge and high-contrast metal and

metal oxide-based dynamic windows.
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1. Introduction

Increasing building energy efficiency is a crucial component of mitigating climate change
due to the large quantity of energy consumed in buildings.[1-4] For this application, two types of
technologies, dynamic windows that modulate light coming from the sun, and radiative
cooling[5-7], which focuses on the energy going out from the Earth, have emerged. Dynamic
windows, which possess electronically switchable transmission, have received great attention
due to their ability to increase building energy efficiency via lighting, heating, and cooling
savings.[8-10] Additionally, dynamic windows are more aesthetically pleasing than blinds
because they maintain the window view. Performance attributes including durability, bistability,
switching speed, cost, power requirements, and optical contrast must be considered and
improved when developing practical dynamic windows.[11, 12] Polymer-dispersed liquid
crystals and electrochromic materials such as polymers and small molecules have been
extensively studied as potential approaches for constructing dynamic windows, but these
technologies have not yet been widely commercialized due to a variety of problems.[12, 13]
Recently, reversible metal electrodeposition has emerged as a promising alternative to
developing dynamic windows.

Reversible metal electrodeposition is a promising alternative to competing dynamic
window technologies such as liquid crystals and electrochromic materials.[13, 14] Metals
generally have a larger imaginary part of their refractive index (k) across the infrared, visible,
and ultraviolet portions of the electromagnetic spectrum, which is related to their absorption
coefficient, than electrochromic polymers and metal oxides. A thin film of metal can effectively
block light even at thicknesses of 20-30 nm.[15-17] By comparison, electrochromic oxide and

polymer materials typically require micron-thick films to reach opacity.[18-20] Moreover, vivid



RGB colors can be obtained if combined with photonic-plasmonic platforms.[21, 22]
Furthermore, because reversible metal electrodeposition devices can be constructed through
solution processable methods, they do not require expensive vacuum-based facilities such as the
sputtering chambers typically used to deposit inorganic electrochromic materials.

To analyze the optical properties of dynamic windows based on reversible metal
electrodeposition, the Beer-Lambert law has been used, which assumes there is an exponential
relationship between the thickness of the film and transmission. However, this assumption could
lead to an erroneous estimation of the optical properties of the dynamic window as there are
multiple light interactions possible within the inside film volume.[23] For example, Cu-Pb
electrodeposits have previously been demonstrated to grow as pillars, which results in less
efficient light blocking compared to an ideal thin film.[24] In this manuscript, we found that Zn
electrodeposits block light more efficiently than the theoretical value of a perfectly uniform thin
film of equivalent charge density because of plasmon resonance within the electrodeposits that
results in enhanced absorption. We thoroughly investigate the origin of this enhanced absorption
as it relates to plasmonic effects within the nanostructured Zn and ZnO in the films.

A collective oscillation between electrons in metals and photons is called plasmon
resonance. When the collective oscillation happens at metal-dielectric interfaces, propagating
electromagnetic waves form at the interface which are called surface plasmon polaritons. When
the size of the metal electrodeposits is much smaller than the wavelength of the incident light,
then the plasmons are confined in a small volume, resulting in localized surface plasmon
resonance, which exhibits unique optical properties. Additionally, structural factors such as size,
shape, and periodicity contribute to the optical properties of the plasmonic nanostructure.

Although most research on plasmonic materials focuses on Au and Ag due to their high



plasmonic quality factors in the visible spectrum,[25] we investigate Zn-based plasmonic
systems and also discuss other non-noble metal-based plasmonic systems including Cu, Bi, and
Ni in the context of dynamic windows.[26]

The role Zn nanostructures play in efficiently blocking light in dynamic window
electrodeposits is, as of yet, unclear. To obtain a high-contrast and efficient dynamic window, an
understanding of the coloration principle is necessary. To quantify how efficient tinting occurs in
dynamic windows, charge density (or its inverse, which is termed coloration efficiency) is an
important metric. A lower charge density indicates that less energy per unit area is required for
electrodeposition, which results in energy-efficient coloration. Furthermore, devices with lower
charge density require less current to switch at a given speed to a given transmission level.
Because reduced switching currents result in a smaller voltage drop across the transparent
conducting working electrode of the device, larger dynamic windows using reversible metal
electrodeposition can be constructed that maintain uniform switching based on diffusion-limited
metal electrodeposition.[27] For this reason, decreasing charge density is a crucial strategy in the
construction of large-area metal-based dynamic windows that switch uniformly. For example,
with polymer, the charge density required to reach 10% transmission is 2-3 times less than
previous reversible metal electrodeposition devices.[16]

In this manuscript, to understand the optical properties of Zn electrodeposits as related to
dynamic windows, we investigated the light-blocking properties of Zn electrodeposits from Zn
DMSO electrolytes under different conditions. Our spectroelectrochemical results demonstrate
that due to their unique nanostructures, the transmission of the electrodeposits can be lower than
what is predicted for a perfectly uniform thin Zn film produced from an equivalent quantity of

charge during electrodeposition. In-depth modeling of the various Zn and ZnO nanostructures



using finite-difference time-domain (FDTD) simulations show that absorption is enhanced due to
hybrid plasmon resonance in slit-like structures caused by ZnO dendrites embedded in Zn.
Collective plasmon resonance also contributes to the optical properties of the films and is caused
by the compact alignment of small Zn nanoparticles. These nanostructured morphologies were
also applied to other electrochemically-active metals relevant to metal-based dynamic windows,
which could inspire future electrode design principles to create high-contrast and large-area
dynamic windows.

2. Results and Discussion

2.1 Zn Nanoparticle Electrodeposits
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Fig. 1 Spectroelectrochemical properties of Zn electrodeposits from DMSO electrolyte (low
concentration). —0.9 V vs. Zn/Zn** was applied with a three-electrode configuration in a DMSO
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electrolyte containing 50 mM Zn(CH3COO)2, 50 mM ZnBrz, and 67 mM NaCH3COO). Zn
electrodeposits over ITO glass with self-assembled Pt NPs (black line), spray-coated Pt NPs (red
line), and with addition of PVP to the electrolyte over ITO glass with self-assembled Pt NPs
(blue line). (a) Chronocoulometry profiles. (b) Transmission at 600 (solid line) and 1,000 (dotted
line) nm as a function of time. (c) Charge density at 10% transmission accompanied with
simulated uniform Zn thin film/ITO- glass (black dotted line, (--)). Transmission (%) as a
function of wavelength and time for (d) Pt NPs SAM, (e) Spray-coated Pt NPs, and (f) Pt NPs
SAM with PVP. Right side: corresponding scanning electron microscope (SEM) images are
annotated according to the time and charge density (10 s after applying potential, 30 s after
applying potential, and after application of 267 mC/cm?). Scale bars equal to 1 pm in all SEM
images.

To experimentally investigate the optical properties of Zn nanoparticle electrodeposits,
low-concentration DMSO electrolytes (50 mM Zn(CH3COO);, 50 mM ZnBr:, 67 mM
NaCH3COQO) were first adopted, and three different electrodeposition conditions were
considered. The first condition is electrodeposition on a tin-doped indium oxide (ITO) glass
working electrode modified with a self-assembled monolayer (SAM) of Pt nanoparticles (Pt NPs
SAM).[15] The second condition is electrodeposition on a Pt-modified ITO working electrode by
spray coating (spray-coated Pt NPs).[28] The last condition is electrodeposition on an ITO glass
working electrode modified with a SAM of Pt nanoparticles and polyvinylpyrrolidone (PVP)
polymer in electrolyte (Pt NPs SAM with PVP). Polymers have been previously shown in metal
electrodeposition systems to improve electrodeposit uniformity through a charge-adsorption
mechanism,[16] and PVP is used as the capping ligand on the commercially purchased 3 nm Pt
nanoparticles. For these reasons, we were interested in the effect of adding PVP to the electrolyte.

As shown in Fig. 1a, the applied charge density profile over time does not significantly
differ between the three cases. The corresponding chronoamperometry profile (Fig. S1a) shows
there is a difference in nucleation. Normalized current-time curves indicate mixed instantaneous

and progressive nucleation during the initial stage of electrodeposition (Fig. S1b). Looking at the

transmission at 600 and 1,000 nm, 10% transmission is achieved first in the spray-coated Pt NPs



and for the Pt NPs SAM (Fig. 1b). All three cases possess higher charge density values in the
entire visible light wavelengths than an ideal perfectly uniform thin Zn film of equivalent charge
density, as calculated by FDTD modeling (Fig. 1c¢). For example, the charge density to achieve
10 % transmission at 600 nm with an ideal uniform Zn film is 44 mC/cm?. Zn electrodeposits
with Pt NPs SAM, spray-coated Pt NPs, and Pt NPs SAM with PVP experimentally yielded 131,
66, and 94 mC/cm? at 600 nm, respectively. Detailed simulation results with the thin film are
displayed in Fig. S2. The uniform Zn thin film with surrounding DMSO electrolyte and ITO (80
nm)/glass is more transparent than the isolated uniform Zn thin film because of interference with
the ITO (80 nm)/glass as the thickness of Zn film is thin enough (<« A/4n, where /4 is the
wavelength of incident light, and » is the real part of the refractive index).[29] Transmission
maps across the 400 to 1,000 nm wavelengths during 500 s of electrodeposition are shown in
Figs. 1d ~ 1f. Overall, the low-transmission state (transmission <10%) transition is the fastest
with the spray-coated Pt NPs. Unlike the thin film simulation, the transmission decreases
relatively quickly at shorter wavelengths. The interpretation of this result will be discussed in
detail in the next section. For reference, spectroelectrochemical properties of Zn electrodeposits
from pristine ITO (without Pt nanoparticles) are also measured. In this case, the transmission
declines less rapidly than all other cases above due to the poor, aggregated morphology of the
electrodeposits as determined previously for other reversible metal electrodeposition systems
(Fig. S3).[24]

As can be seen from the SEM images in the right column (Figs. 1d ~ 1f), the Zn
electrodeposits consist of nanoparticles. There are empty spaces between the nanoparticles
because the particle density is not enough to fill all directions. The morphologies found in the

SEM images are also confirmed using atomic force microscopy (AFM) (Figs. S4 and S5).



Considering the relationship between morphology and transmission, Zn electrodeposits on ITO
glass with Pt NPs SAM, which have the largest voids in the Zn electrodeposits, also have the
worst light-blocking properties. X-ray diffraction (XRD) of Zn electrodeposits shows that Zn and
ZnO both are present in the electrodeposits in all cases (Fig. S6). Cross-sectional SEM imaging
of the electrodeposits obtained after applying a charge density of 267 mC/cm? indicates that the
structure is porous (Fig. S7). While a thickness of ~127 nm is expected from a charge density of
267 mC/cm? for a compact Zn film, the measured thickness from the cross-sectional SEM of the
Zn electrodeposits on ITO glass with spray-coated Pt NPs, for example, is ~360 nm, which

indicates that the electrodeposits are substantially porous.

2.2 Zn Nanoparticle Array Simulations
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Fig. 2 FDTD simulation of square-arrayed hemisphere particle lattices. The total number of
hemispherical nanoparticles is indicated as n. (a) Schematic representation of the configuration
(top). P-polarized plain wave is illuminated from the glass side to the electrolyte (outdoor
transmission, electric field vector and wavevector are denoted as E and k). Case examples for n =
3% with gray Zn nanoparticles are represented in the middle and bottom (amount of Zn is
equivalent to 15 and 40 nm uniform Zn films). A 400 X 400 nm? unit cell is used. Transmission
of Zn nanoparticle film equivalent to charge density of (b) 15 and (c) 40 nm Zn thin film with
respect to the wavelength and n. The dotted line (--) indicates the transmission of uniform Zn
films with thicknesses of 15 nm (b) and 40 nm (c) on ITO on glass in DMSO electrolyte.
Positive/negative transmission (7)) gain (= 7Nanoparticle array— I 1deal thin film) 1S indicated as red/blue
compared to uniform thin films.

To begin modeling the experimental optical data, a square-arrayed hemispherical particle
lattice was first utilized using p-polarized light incident on the glass side of the device (Fig. 2a,
top). Zn nanoparticle films were modeled that would require the same charge density of
electrodeposited Zn equivalent to 15 (Fig. 2b) and 40 (Fig. 2c¢) nm perfectly uniform and
compact Zn thin films. This approach enables us to evaluate the effect of increasing the number
of particles (n) from 1% to 62 and also the effect of interparticle contacts. Increasing the number
of particles make results in hemispherical particles with smaller diameters because they are
constructed with the same total mass. As an example, for the case of n = 32, when the charge
density is equivalent to the 15 nm uniform film, the particles are 50 nm radius hemispheres (Fig
2a, middle), while the 40 nm equivalent case yields 70 nm radius hemispheres (Fig 2a, bottom).
The detailed schemas of particle arrangement are depicted in Fig. S8.

Fig. 2b shows the differences in transmission obtained by increasing n compared to the
case of a uniform 15 nm Zn thin film with the same amount of charge density required for Zn
electrodeposition as the nanoparticle arrays. When 7 is increased from 12 to 62, the radius of the
hemisphere particle changes from 105 to 32 nm. The transmission gain is positive in the entire

visible light region (400 to 700 nm) when n = 12. In this case, the size of the gap between the

nanoparticles is 191 nm, which is close in size to that of each nanoparticle. On the other hand,
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when n = 62, the nanoparticle array exhibits a lower transmission than the equivalent uniform Zn
thin film from 400 to 635 nm, which is advantageous for the application of designing dynamic
windows with excellent light-blocking capabilities. The interparticle gap for this case is 3.3 nm,
which is much smaller than that of the individual particle size (32 nm). It is known that when
nanoparticles are located close enough, strong absorption can be induced because of the
hybridization of plasmon modes.[30] As a whole, these simulation results indicate that enhanced
light blocking occurs in the visible light region when particles are closely packed with some
amount of interparticle gaps.

Fig. 2c shows the differences in transmission obtained by increasing n compared to the
case of a uniform 40 nm Zn thin film with the same amount of charge density required for Zn
electrodeposition as the nanoparticle arrays. When n is changed from 12 to 62, the radius of the

hemisphere particles changes from 145 to 49 nm. Unlike the cases in Fig. 2b, the particles

overlap with each other at n > 32. The overlap of the particles is significant at n > 3% and, as a

result, the particle arrays gradually converge into uniform thin film as » increases. Therefore, no
significant benefit in transmission is observed. When the interparticle gap spacing is larger,
plasmon mode hybridizations between the particles are weaker, and therefore the probability of
re-interaction of the reflected wave decreases, which leads to increased transmission. The
response of each particle will approach that of an isolated particle which corresponds to an ideal
Mie solution.[31] If the size of particles becomes larger, the total extinction efficiency and
scattering compared to absorption increase.[32, 33] As seen in the n = 1% cases of Figs. 2b and 2c,
distinct optical properties (e.g. an absorption peak located at 612 and 594 nm, respectively) are

manifested as a result of emerging far-field coupling.[34]
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Reversing the light propagation direction such that it is incident on the electrolyte first
does not affect the resulting transmissions (except for n = 12) compared to light incident on the
glass (Fig. S9). Furthermore, reflectance of the Zn nanoparticle arrays is reduced in all cases
compared to the uniform Zn thin films because part of the reflected energy from nanoparticles is
converted to form surface plasmon resonance (Figs. S10 and S11). Because the sum of
absorption, transmission, and reflection is unity, the enhanced absorption of Zn nanoparticles
leads to a lowering in transmission. In an attempt to more accurately model the actual Zn
electrodeposits, we also investigated the effect of surface oxidation of Zn (Figs. S8c and S12). It
was assumed that 20% of the outer radius of the hemisphere was oxidized to ZnO, which
corresponds to nearly half (49%) of the volume of the original sphere. Although the light-
blocking abilities of the nanoparticle arrays are less than those of the unoxidized arrays presented
in Fig. 2b, the transmission values of the core-shell oxidized particles are still less than those at
shorter wavelengths of visible light due to enhanced absorbance caused by plasmon resonance

even with the highest modeled particle number of n = 6.
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Fig. 3 Volume absorption mapping in 90 x 400 nm? cell. @ ~ @ depict absorption mapping in
500 nm wavelength. (© ~ () depict absorption mapping in 700 nm wavelength. @ and (e depict
the uniform 15 nm Zn thin film. ® and & correspond to the Zn hemisphere square array of n =
32 structures, and their charge density is equivalent to that of the uniform 15 nm Zn thin film. ©

and (@ depict the uniform 40 nm Zn thin film. @ and () correspond to the Zn hemisphere

particle square array of n = 32 structures, and their charge density is equivalent to that of the
uniform 40 nm thin film. P-polarized plain wave is illuminated from the ITO side (outdoor
transmission), and the electric field vector and wavevector are denoted as E and k, respectively.
Absorbed power per unit volume is normalized to the source power.

The absorption profiles of nanostructures discussed in Fig. 2 are visualized to investigate

underlying optical phenomena (Fig. 3). 15 (@ and (&) and 40 ((© and @) nm Zn uniform thin

films and hemisphere particle arrays (®, ®), @, and ®) corresponding to n = 32 containing the

same charge density as the Zn thin films are displayed. Comparing (@ and (®) and ((® and ),

which have the same charge density, there is a decrease in transmission at 500 nm and an
increase in transmission at 700 nm for the nanoparticle arrays compared to the uniform thin film

(Fig. 2b). The absorption is facilitated at the interface between the Zn hemispheres and ITO at

500 nm. In other cases, comparing ((© and (@) and (@ and (), which have the same charge

density, there is an increase in transmission at both 500 and 700 nm for the nanoparticle arrays
compared to the uniform thin film (Fig. 2¢). Absorption primarily happens at a V-shaped groove
formed by hemisphere particle overlap, and the interface between Zn hemispheres and ITO does
not contribute to the absorption.

More detailed information comes from field profile analysis. As shown in Figs. S13a and
S13b, in the uniform thin film, only the electric field component parallel to the incident electric

field (Ex) exists because electric field parallel to the interface cannot excite plasmon polariton,
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which is prohibited from the boundary conditions.[35] Figs. S13c ~ 13f show the presence of the
E; component in the hemisphere array. This analysis demonstrates the existence of plasmon
resonance in the Zn nanoparticle array. If there is an interparticle gap, a relatively strong electric
field (E,) is observed on the ITO side as shown in Figs. S13c and S13d, which indicates that
there is a plasmon resonance from the ITO interface. The strong Ex at the interparticle gap is
evidence of hybrid plasmon resonance.[36] If there is no interparticle gap, the overall electric
field is concentrated in a V-shaped groove region between the spheres as shown in Figs. S13e
and S13f. The electric field (E,) at the interface of the Zn hemisphere particle and ITO is
weakened, which results in weak plasmon resonance arising from the Zn hemisphere particle and
ITO.

Furthermore, if the simulation is performed using a spherical particle instead of a
hemisphere particle, it is difficult for the nanoparticle array to possess a lower transmission than
the uniform thin film with the corresponding same amount of charge density (Fig. S14). This
difference arises because the hot spot (high electric field intensity region) caused by plasmon
resonance only exists on the point-like contact positions on ITO. In the hemisphere case, this hot
spot is widely spread in the areal interface between Zn hemisphere particles and ITO, and even
inside of the hemispheres as well. In other words, the hemisphere shape possesses widely
distributed hot spots with large electric fields.[37, 38] In addition, this hemisphere model
resembles actual nanoparticle growth models used for electrodeposits.[39, 40] When the particles
overlap, the light-blocking capability of the nanostructure is worsened because it resembles a
uniform thin film, and so the benefit from plasmon resonance disappears.

2.3 Porosity Simulation of Zn
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Fig 4. Porosity effect on Zn film. (a) Simulation scheme of uniform Zn thin film containing
nanoholes of diameter D in 400 x 400 nm? unit cell. The height of the film is indicated as 4. The
electric field vector and wavevector are denoted as E and k, respectively. Outdoor and indoor
illuminations are represented as wavevectors as ki, and k—,, respectively. The dotted line (--)
indicates the transmission of uniform Zn thin films without nanoholes containing the same
charge density. Nanohole-incorporated 20 nm Zn thin films with (b) outdoor and (c) indoor
illumination. Nanohole-incorporated 40 nm Zn thin films with (d) outdoor and (e) indoor
illumination.

As discussed in Fig. S7, we gained insight into the optical properties of the Zn
electrodeposits by comparing theoretical uniform thin films and the actual Zn electrodeposits,
which consist of a porous structure. The aforementioned Zn nanoparticle simulations do not
deeply consider electrodeposit porosity. Therefore, model porous structures are constructed
without particles. As shown in Fig. 4a, a cylinder-shaped hole was introduced in the Zn film over
ITO in the DMSO electrolyte. A cross-sectional view through the dotted line is also depicted

below. Simulations are achieved by changing the hole’s size, the thin film’s thickness, and the

light propagation direction. P-polarized light was only considered due to the symmetry of the
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cylindrical hole in the X and Y axes. In all simulation cases from Figs. 4b to Fig. 4d, when the
hole size is small (D = 50 nm), the transmission is almost identical to the ideal thin film with the
same charge density. In Figs. 4b and 4c, in the case of relatively small thicknesses (2 = 20 nm),
the transmission is lower than that of the thin film in a limited wavelength region under specific
resonance conditions, but it is mostly higher than that of the thin film with the same charge
density. When the thickness is larger (h = 40 nm), as shown in Figs. 4d and 4e, the transmission
is not lower than that of the equivalent charge density thin film at any wavelength. Porous
structures, especially with large-sized pores (> 100 nm), have a noticeable adverse effect on
light-blocking properties. The direction of light does not significantly affect transmission if very
large-sized pores (> 200 nm) are absent.

As the size of the nanoholes in the thin metal film increases, the volume portion of the
metal wall where the generated plasmon can confine increases, which results in reducing the
plasmon attenuation. As a result, the surface plasmon propagation length increases, which
facilitates light transmission through the nanohole.[41] The absorption and electric field profiles
were investigated in the 20 nm Zn film with a 50 nm diameter pore (Fig. S15). Compared to the
uniform absorption profile in the 20 nm Zn thin film (Fig. 5c) in the next section, a reduced
absorption is observed near the pore edge at the outgoing side of light propagation. The existence
of a E, component indicates that there is plasmon resonance in the structure. Although there is a
small enhancement of absorption from plasmon resonance both from the edge sides of the hole,
this contribution is relatively small. Taken together, these analyses demonstrate that nanoholes

act as transmission increasing sites.

2.4 Zn Electrodeposits with Dendrites
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Fig. 5 Spectroelectrochemical properties of Zn electrodeposits from DMSO electrolyte (high
concentration). —0.9 V vs. Zn/Zn?** was applied with a three-electrode configuration in DMSO
containing 300 mM Zn(CH3COO), 300 mM ZnBr;, and 400 mM NaCH3COO. Zn
electrodeposits over ITO glass functionalized with self-assembled Pt NPs (black line). Zn
electrodeposits over ITO glass functionalized with spray-coated Pt NPs (red line). Zn
electrodeposits with addition of PVP to electrolyte over ITO glass functionalized with self-
assembled Pt NPs (blue line). (a) Chronocoulometry profiles. (b) Transient at 600 (solid line) and
1,000 (dotted line) nm as a function of time. (c) Charge density at transmission 10%.
Accompanied with ideal simulated Zn thin film/ITO glass (black dotted line, (--)). Transmission
(%) as a function of wavelength and time for (d) Pt NPs SAM, (e) Spray-coated Pt NPs, and (f)
Pt NPs SAM with PVP. Right side: corresponding scanning electron microscope (SEM) images
are annotated according to the time and charge density at 10 s after applying potential, at 30 s
after applying potential, and after 267 mC/cm? of charge is passed. Scale bars equal to 1 um in
all SEM images.

Instead of the electrodeposits consisting of only nanoparticles, dendrite co-deposition
occurs when a high-concentration Zn DMSO electrolyte is used, and so we also investigated the

spectroelectrochemical properties of this system (Fig. 5). Aside from the difference in electrolyte
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concentration, the three conditions adopted are the same as those used in Fig. 1. As can be seen
in Fig. 5a, in the case of Pt NPs SAM with PVP, the charge density consumption rate is
significantly less than for the other two cases. Inspection of the chronoamperometric profiles
(Fig. S16) reveals that all cases deviate from spherical nucleation profiles. By referring to the
corresponding SEM images at 30 s after applying potential in Fig. 5d ~ 5f, the dendrite density is
lowest with spray-coated Pt NPs, which has the worst light-blocking behavior among the three
cases. The distribution of ZnO dendrites is more homogeneous on SAM-modified ITO, and this
is presumably attributed to the more homogeneous distribution of Pt NPs produced using the
SAM method. Dendrites are more pronounced with infilled nanoparticles as observed from the
SEM image by applying 267 mC/cm? (enlarged SEM images are provided in Fig. S17). As can
be seen in Fig. 5b, 10% transmission was achieved for all samples in less than 30 s at a
wavelength of 600 nm, which is much faster than the cases in Fig. 1 because of the higher metal
ion concentration. Unlike the Zn electrodeposits produced with the lower concentration
electrolyte, the charge densities at 10% transmission are all lower than the ideal thin film
calculated by FDTD (dotted line) across all wavelengths (Fig. 5c). For example, Zn
electrodeposits with Pt NPs SAM, spray-coated Pt NPs, and Pt NPs SAM with PVP
experimentally yielded 23, 24, and 21 mC/cm? at 600 nm, respectively. In this case, there is a
general trend in which the transmission decreases faster at shorter wavelengths, which is
rationalized by the particle model structure described in Fig. 2. Transmission maps across the
400 to 1,000 nm wavelengths during 100 s of electrodeposition are shown in Fig. 5d ~ 5f.

For reference, similarly to the previous test with pristine ITO in the low concentration
electrolyte, the spectroelectrochemical performance is also worse than any of the three cases

above using the high concentration electrolyte with unmodified ITO (Fig. S3). The SEM images
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indicate that there are differences in the growth pattern among the three cases, and that the
electrodeposits consist of both nanoparticles and dendrites. Dendritic growth initially occurs,
which is followed predominantly by nanoparticle growth that fills the space between dendrites.
AFM confirms that the sizes of the pores in the surface are much smaller compared to the low-
concentration electrolyte Zn electrodeposits in Fig. 1 (Fig. S18). The final thickness of
electrodeposits by SEM shows that they are thicker than the thickness of ~127 nm for a uniform
thin film of equivalent charge (Fig. S19), which implies the presence of a porous structure or
oxidation-induced volume expansion. In the left side of the cross-sectional image in Fig. S19b, a
porous structure is observed inside of a dendrite. Phase analysis with XRD also confirms that Zn
and ZnO are both present in the electrodeposits (Fig. S6). With a practical two-electrode device,
similar energy-efficient tinting is observed that is equivalent to the three-electrode configuration

results (Fig. S20).

80 0.05

Fig. 6 Conductive atomic force microscopy of the dendritic region. (a) Surface height mapping.
(b) Surface current mapping with 9 V external bias. (c) Overlapped image of (a) and (b). Scale
bars are equal to 200 nm.

Surface current mapping by conductive AFM (C-AFM) is performed in the dendritic
region of the Zn electrodeposits over ITO glass functionalized with spray-coated Pt NP after 30 s
electrodeposition at =0.9 V vs. Zn/Zn**. As shown in Fig. 6a, the dendritic region is spatially

distributed and partially aggregated by some regions of high heights of ~40 nm. The
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corresponding current profile is given in Fig. 6b. Considering the overlapped height-current
profiles in Fig. 6c, the regions of high heights tend to be more insulating than the background
regions, which can be explained by assuming the dendrites consist of insulating ZnO. Therefore,
dendritic regions of insulating ZnO will be used to build a model structure in FDTD simulations
described in the next section. This coexistence of Zn and ZnO in Zn electrodeposits is also
corroborated by XRD results (Fig. S6). An XRD spectrum of electrodeposits produced from the
electrolyte that is sparged with N> and dried with molecular sieves produces a lower quantity of
Zn0O compared to the normal electrolyte (Fig. S21). This result suggests that some of the ZnO in
the electrodeposits is produced during electrodeposition through reaction of the Zn with O:

and/or H>O.

2.5 Zn Dendrite Simulations
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Fig. 7 Simulated transmission of dendritic structures. (a) Schematic of simulated structures with
the same amount of charge density with respect to the 20 nm Zn thin film. 45-degree polarized
plane-wave (electric field vector and wavevector are denoted as E and k) is illuminated from the

ITO side to DMSO electrolyte. @ Zn thin film (20 nm). @) Zn film with cavity dendrite structure

(22 nm). ® Zn film with ZnO dendrite structure (21 nm). @ ZnO film with Zn dendrite structure
(30 nm). The dashed insets represent cross-sectional views. (b) Simulated transmission of the

nanostructures in Fig. 7a. Cell size is fixed at 400 x 400 nm?. (¢) Ex field component mapping
(top line), E; field component mapping (middle line), and absorption mapping (bottom line). Left

column is data from Case (D. Right column is data from Case 2. The cross-section is set to 90 x

400 nm? for 500 nm wavelength. Absorbed power per unit volume is normalized to the source
power.

To understand the underlying optical phenomena of the dendritic Zn electrodeposits, a
symmetrical radial pattern in which three rods are arranged at 120 degrees with respect to the

center point was designed as a model dendritic structure (Fig. 7a). The height of the rods is
modified according to the material assignment, but the size of one bar is equal to 40 nm x 150
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nm. A 45-degree polarization which has polarization components in both the X and Y directions

is adopted. The structures used in models 2~@ have equivalent charge densities as those of a

20 nm uniform thin film (@). Models are composed of a Zn thin film composed of hollow

dendrites (), a Zn thin film composed of ZnO-filled dendrites (®), and a ZnO thin film

composed of Zn-filled dendrites (@). Transmissions of these model structures are displayed in

Fig. 7b. In model @, light blocking is improved compared to the thin film in most of the

simulated spectral range. Another ideal situation (model 3)), when this dendrite structure is all
filled with compact ZnO, does not show pronounced light blocking except above around 700 nm.
Considering the porosity of the experimental Zn electrodeposits, the actual structure can be

interpreted as an intermediate result of @ and 3 (Fig. S22a). The inverse case of model 3

(model @) has very poor light-blocking capabilities due to the large quantity of transparent ZnO

in the structure, and its transmission profile does not match experimental observations. In
addition, if too many dendrites exist, the transmission increases because the absorption from the
metal itself decreases and the generated plasmons propagate readily (Fig. S22b). Rotation of the
dendrites does not significantly affect the transmission (Fig. S23). Reversing the light

propagation direction yields an equivalent result in Fig. 7b (Fig. S24). Reflection data show that

the overall reflection is lowered in all models (@~®) compared to the perfectly uniform and

compact Zn thin films (Fig. S25). Therefore, any decreases in transmission for models (2~®3))
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with respect to the thin film originate from increases in absorption. As the height of actual ZnO
dendrite structure is slightly higher (<10%) than the background height, consideration of this
condition to the simulation did not significantly change the transmission (Fig. S26).

This feature was investigated in more detail by looking at the electric field component

and absorption profiles. By checking the cross-section at the dotted lines in Fig. 7 on models @O

and (), the Ex profile at a wavelength of 500 nm shows that the electric field is concentrated in

the hole, unlike the thin film. In addition, the E, component does not exist in the thin film and is
identified only in the void dendrite model. The field profile is also similar at 700 nm (Fig. S27).
This result shows that plasmon resonance occurs in the dendrite structure. The difference is more
evident by comparing the absorption profiles (Figs. 7c and S27). More than twice the absorption
is induced near the hole and along the Zn and ITO interfaces. With a ZnO filling, the absorption
is less pronounced (Fig. S28). More light absorption compared to the thin film therefore results
from enhanced absorption of light by the dendritic structure.

This model dendrite system can be understood as a set of well-known metal-dielectric-
metal (MDM) slit structures. If the dielectric gap size (distance from metal to metal) is small, the
surface plasmons, proximal to each metal wall, will behave like a single plasmon mode. In this
case, the surface plasmon has a longer propagation length when more confined. If the size of this
gap is appropriate, then plasmon modes generated on the metal wall can be hybridized with each
other to form electrostatic (capacitive) modes without converging into one mode.[42, 43] The

gap size that starts to form a hybridized surface plasmon is called the moderate gap size (w),

Alep|
Tlem|

which can be calculated as follows: , where A is the wavelength of the incident light, &5, and

&y indicate the permittivities of the dielectric and metal, respectively, and 7 is a mathematical
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constant. Usually, |ep| and |&y,| decrease and increase, respectively, with increasing wavelength.
Because w tends to decrease with increasing wavelength, a w at 500 nm wavelength is selected
and considered for further discussions as a representative value. The w values of Zn-DMSO-Zn
and Zn-ZnO-Zn structures are calculated to be 17 and 33 nm, respectively. As the simulated gap
size (40 nm) is larger than the critical value w and smaller than the incident wavelength
(subwavelength regime), hybridized surface plasmon modes exist with 500 nm incident light. In
addition, the value of w at 700 nm incident light is 21 nm, which also meets the moderate gap
condition. Increasing the size of the gap leads to an increase in plasmon propagation length,
which increases transmission.[42-44]

There are three absorption mechanisms known in MDM slit structures, which are
radiation, mirror, and metallic absorption loss.[45] Radiation loss occurs through re-emission of
absorbed light toward the dielectric. Mirror loss is caused by tunneling that occurs when light
approaches a Fabry-Perot cavity like the two-metal wall structure. Metallic absorption is another
loss that is induced when light interacts with electrons inside the metal, which causes joule
heating. Absorption in this slit structure is broadly distributed according to the size and shape of

the slit. One strategy to enhance the absorption of the MDM slit is to increase the resonance
inside the dielectric.[46] Increased transmission in model (3 can be comprehended from the
reduced intensity of electric field between the Zn edges (Fig. S28). In terms of thickness, the

transmission is expected to decrease exponentially when the slit height increases.[47, 48] A large

quantity of dielectric in the structure obtained by inversing the structure composition (as in

model @) could increase transmission both by the intrinsic transmissive property of dielectrics
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and by facilitating surface plasmon propagation from the metal wall into the dielectric
medium.[49]

2.6 Electrodeposit Growth Modeling
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Fig. 8. Simulated transmission for different scenarios. 45-degree polarized plane wave (denoted
as E) is illuminated from ITO side to DMSO. (a) Three growth models with charge density
equivalent to a 40 nm Zn thin film. (b)-(d) Simulated transmission spectra with respect to the
relative charge density (= (charge density equivalent to construct a structure) / (charge density of
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40 nm thin film)). (b) corresponds to scenario 1. (c) corresponds to scenario 2. (d) corresponds to
scenario 3 (close-packed hexagonal lattice with 10 nm radius sphere). (e¢) Comparison of
transmission spectra at 550 nm between the three scenarios.

Although the exact in-situ growth morphological evolution for Zn electrodeposition is
unknown, based on our above experimental findings and optical simulations, the optics of Zn
electrodeposits during their growth were modeled according to three different scenarios. The
three scenarios each have a final charge density (relative charge density = 1.0) equivalent to a 40
nm Zn thin film (Fig. 8a). In scenario 1, it is assumed that ZnO dendrites grow first, and
subsequently the Zn thin film fills the area surrounding the ZnO dendrites. Scenario 2 assumes
simultaneous growth of the ZnO dendrite and outside-filling of the Zn thin film at the same rate
of thickness. Scenario 3 assumes simultaneous growth of the ZnO dendrites and formation of
four layers of close-packed Zn nanoparticles at the same rate of thickness as depicted in the
schema. As observed in Fig. 1 and Fig. 5, the experimentally observed transmission at shorter
wavelengths decreases more rapidly. In scenarios 1 and 2 (Fig. 8b and 8c), on the contrary,
transmission at longer wavelengths decreases more rapidly. Importantly, scenario 3 (Fig. 8d)
follows the experimentally observed trend. These differences are clearer when comparing the
transmission profiles at 550 nm (Fig. 8e). In contrast to experimental observation, scenario 1
possesses a transmission decrease rate that is slower than that of the thin film (Fig. 8e, dotted
line). As seen in dendrite-based simulations (Fig. 7), the transmission profile of scenario 2 is
quite similar to that of the thin film. However, in scenario 3, the transmission decreases much
faster than in the ideal thin film, which matches our experimental observations. In all cases,
increases in reflection are slower than that of the ideal thin film (Fig. S29). Taken together, these
results demonstrate that the simultaneous growth of Zn nanoparticles and ZnO dendrites can
fully explain the efficient light-blocking properties observed in reversible electrodeposition

systems using Zn DMSO electrolytes.
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2.7 Electrodeposits from Other Metals
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Fig. 9 Plot of moderate metal-dielectric-metal gap size (w) and surface plasmon quality factor for
metal (Qspp) at 500 nm wavelength for various metal-metal oxide-metal gap systems.

Although the discussion thus far has focused exclusively on Zn-based nanostructures, we
also investigated Ag as another metal-based system to evaluate the versatility and generality of
the above results. Ag is a commonly used metal in reversible metal electrodeposition systems,
and unlike Zn, it possesses pronounced plasmonic properties in the visible region. Considering
the situations discussed above, charge density must be considered. The Zn 15 nm thin film has a
charge of 32 mC/cm?, while the Ag 15 nm thin film has a charge of 14 mC/cm?. A 15-nm-thick
Ag thin film has the same charge density as a 6.7-nm-thick Zn thin film. At the same thickness,
Zn has more light-blocking properties, but when comparing films of the same charge density, Ag
is more transparent at wavelengths less than around 600 nm compared to the Zn thin film (Fig.
S30). Considering these points, the same simulation conditions in which the thin film is 15 nm as
in Fig. 1 are used, but Zn is replaced with Ag. Calculation of the transmission gain yields, except

for the case of n = 12, negative gain regardless of the direction of light below ~720 nm, and the
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transmission approaches zero (Fig. S31). Even with a small amount of charge, these results
suggest that Ag has the potential to have better light-blocking properties than Zn. By adopting
the same structural components as in Fig. 5, dendrite simulations using Ag and Ag,O also
indicate better light-blocking property than a Zn-based system with many absorption peaks (Fig.
S32).

The w values of Ag-DMSO-Ag and Ag-Ag,O-Ag structures are 34 and 111 nm,
respectively, at 500 nm. A large w value compared to the gap size indicates that the surface
plasmons at both metallic walls do not form hybridized modes. The quality factor (Qspp) of

2
surface plasmon polaritons is defined by Qspp = % and is the ratio of the real part and
M

imaginary part of the permittivity.[50-52] It is a measure of plasmon resonance in the optical
region of interest. Note that, the quality factor of localized surface plasmon resonances (Qpspr =

__Re(em)
Im(ep)

) should be high when Qspp is high, and therefore Qspp also could be a measure of
plasmon-induced absorption enhancement in nanoparticle arrays as discussed in Figs. 2 and 3. In
Ag, QOspp 1s about 9.6 times higher than Zn at 500 nm. Therefore, the high absorption from Ag-
based structures in simulation can be understood from the strong resonance of several surface
plasmon modes. These effects would give rise to poor color neutrality in Ag films, which is
undesired for most window applications. As shown in Fig. 9, although Au and Cu are well
known for plasmonic applications in the visible spectrum, they would not be good choices in
efficient light-blocking reversible metal electrodeposition systems due to their low Qspp. In
contrast, Al- and Mg-based MDM dendritic structures should possess broad and strong
absorption due to their low w and high Qspp, rendering these metal choices possibly better than
Zn. While Al and Mg could be interesting candidates from an optical perspective, their low

standard reduction potentials make designing reversible metal electrodeposition on transparent
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conducting electrodes challenging. Detailed values of w and Qspp for various elements and
corresponding references are summarized in Fig. S33. To check the validity of these analyses,
we simulated a Cr-based dendrite void structure because the w of Cr-Cr203-Cr is less than the
dendrite gap size (40 nm) like Zn, but its Qspp is ~97 times lower than Zn, so worse absorption
than the thin film is expected. As shown in Fig. S34, the transmission simulations show that this
expectation is met. For Cr, transmission is expected to increase with a dendritic void structure,
which is the opposite of what was found for Zn.

Lastly, we consider potential differences in transmission caused by light propagation
direction. n = 1% and 22 cases are adopted from the previous Zn and Ag particle simulations,
which have equivalent charge density to the 15 nm thin film (Fig. S35). When n = 22, the
transmissions are similar regardless of the direction and element, but when n = 12, it can be seen
that there is a small difference depending on the direction, especially below about 600 nm. This
phenomenon is called asymmetric transmission and occurs if scattering is dominant.[53, 54] If
more scattering occurs within the films, a greater quantity of asymmetric transmission is

expected.

3. Conclusions

In this work, we investigated Zn-based electrodeposits which could be potentially used in
dynamic window technology due to their higher efficiency at blocking light compared to what is
expected for an idealized uniform Zn thin film. Optical phenomena in the nanostructures are
analyzed with FDTD methods. By modifying electrolyte conditions and Pt nanoparticle
functionalization, we achieved two categories of Zn electrodeposits, nanoparticles with and
without dendrites. Zn electrodeposits with dendrites exhibit lower than the theoretical charge

density of uniform thin Zn films, which is advantageous for constructing high-contrast and large-
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area dynamic windows. Close-packed Zn nanoparticles and dendrites with symmetrical radial
patterns are modeled to analyze the optical phenomena underlying electrodeposit growth
dynamics. In the nanoparticle model, absorption is enhanced due to hybrid surface plasmon
resonance between the nanoparticles and the substrate. In the dendrite model, absorption is
promoted near the Zn-dielectric-Zn gap from surface plasmon resonance in the metallic wall. We
demonstrated the validity of the simulation by identifying an electrodeposit growth scenario
consisting of simultaneous Zn nanoparticle growth and ZnO dendrite growth that matches
surface characterization data (SEM and AFM) and the excellent light-blocking characteristics of
the films. Lastly, we discussed how the optical understanding of these systems can be
generalized to other metals such as Ag and Cr. Taken together, this in-depth level of
understanding of the spectroelectrochemical properties of reversible metal electrodeposition
could serve as a foundation for optical design principles in dynamic windows and other related

applications.

4. Methods
4.1 Chemicals

Chemicals were received from commercial sources and used without further purification.
Anhydrous DMSO was obtained from Millipore-Sigma. 3-mercaptopropionic acid (MPA) and
NaCH3COO (99.99%) were obtained from Oakwood Chemical. Zn(CH3COO)2 (99.99%) was
procured from ProChem, Inc. ZnBr» (99.999%) was purchased from Alfa Aesar.
Hydroxyethylcellulose (average Mw ~ 90,000) and polyvinylpyrrolidone (PVP, average My ~

55,000) were purchased from Sigma-Aldrich. The transparent conducting ITO glass substrates
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(15 Q/sq) were obtained from Xin Yan, Inc. An aqueous dispersion of Pt nanoparticles (3 nm in
diameter, 1000 ppm) was procured from US Research Nanomaterials, Inc.
4.2 General Procedures

To prepare a low Zn concentration electrolyte, 50 mM Zn(CH3COOQO);, 50 mM ZnBr2, and
67 mM NaCH3;COO were mixed together in DMSO. To prepare a high Zn concentration
electrolyte, 300 mM Zn(CH3COO)2, 300 mM ZnBr;, and 400 mM NaCH3;COO were mixed
together in DMSO and stirred for at least four hours. Hydroxyethylcellulose (2.0% w/v, average
Mv ~ 90,000) is added to all electrolytes to form a gel and stirred for at least two hours. The
concentration of PVP in the electrolytes was 1 uM in the PVP post-addition cases, and PVP is
added after stirring of the hydroxyethylcellulose stirring is completed. MPA-functionalized ITO
glass was achieved by dipping ITO glass electrodes in fresh ethanolic MPA solution (10 mM) for
one day. Self-assembled Pt nanoparticles on ITO glass electrodes were prepared by dipping
MPA -functionalized ITO glass on Pt nanoparticle dispersions diluted 1:10 with water for two
days. Spray-coated Pt nanoparticle on ITO glass electrodes were prepared by spray-coating a 3:1
mixture of water:Pt nanoparticle dispersion. The Pt-modified ITO on glass substrates were then
heated under air at 250°C for 20 min. For device fabrication, commercial Zn grids and butyl
rubber (Solargain, Quanex, Inc.) were used.
4.3 Materials Characterization

Electrochemical tests were performed using a VSP-300 Biologic potentiostat in a 2 cm
glass cube cuvette. =0.9 V vs. Zn/Zn>* was applied in all chronoamperometry tests using separate
Zn metal counter and reference electrodes, and an ITO on glass working electrode. Transmission
measurements were conducted with a halogen light source and a spectrometer (Ocean Optics,

Flame). Height AFM images were collected with a Nanosurf EasyScan 2 microscope operated in
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contact mode using silicon tips coated with aluminum (ContAl-G, TedPella, Inc.). Conductive
AFM images were collected with a NX-10 microscope operated with a conductive diamond
coated tip (CDT-CONTR, Park Systems). 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.
4.4 Finite-difference time-domain (FDTD) simulation

Electromagnetic simulations were performed with a finite-difference time-domain
(FDTD) program (Lumerical Solutions) to compute reflection, transmission, electric field
distribution, and volume absorption profiles. Refractive indices of Zn, ZnO, Ag, Ag>0O, and ITO
were taken from Werner et al.,[55] Adachi et al.,[56] Jiang et al.,[57] Xiao et al.,[58] and Konig
et al.,[59] respectively. The refractive index of DMSO electrolyte was set constant as 1.4793.[60]
A plane wave light source was imported over the simulation. Periodic boundary conditions were
adopted for the X, Y dimension, and perfectly matched layer conditions were adopted for Z

dimensions. 1 to 4 nm cubic meshes were used for structural modeling of the Zn nanostructure.
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Graphical abstract

Plasmon resonance in nanoparticle and dendritic nanostructures enables dynamic windows based
on reversible Zn electrodeposition to switch with exceptionally low charge density.

Highlights
* Zn nanostructures lead to lower charge density than that of an ideal perfectly uniform Zn thin

film.

* Plasmon resonance of Zn electrodeposits arises from synergy between Zn nanoparticles and
ZnO dendrites.

* A design principle for high-contrast reversible metal electrodeposition-based smart window is

proposed.
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