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coatings due to reductions in lighting, 
heating, and cooling loads.[1–3] A recent 
study by View Inc. and Cornell University 
showed that dynamic window implementa-
tion greatly reduces eye strain, headaches, 
and drowsiness, resulting in a 2% increase 
in worker productivity.[4] Despite these 
advantages, dynamic windows, which tra-
ditionally operate using electrochromic 
metal oxides[5,6] or conductive organic 
molecules[7–9] have failed to significantly 
penetrate the market due to issues related 
to color, cost, scale, and optical dynamic 
range.[5,8] View, Sage, and Halio are the 
current leaders in the dynamic window 
market. They have made dynamic win-
dows aimed for commercial settings due 
to their current optical contrast limits.[10–12]  
Most of their products have a maximum 
transmission between 58% and 64%[10–12] 
and reach a “glare control” transmission 
state, which is defined as 1% visible light 
transmission (VLT), to reduce occupant 
discomfort and eye strain.[13] Reaching the 

residential market, however, requires achieving darker states 
for privacy and sleeping along with a higher degree of color 
neutrality.[14] Halio has recently developed a product that ena-
bles their windows to reach a “privacy state,” which they inter-
nally define as 0.1% VLT.[12] This device construction comes 

Dynamic windows allow user control over light and heat flow to save energy 
and maximize comfort. Reversible metal electrodeposition (RME) dynamic 
windows can uniquely tint to a color-neutral privacy state (0.1% visible light 
transmission). The design parameters of transparent metal mesh counter 
electrodes for high-contrast RME dynamic windows: high transparency, 
charge capacity and surface area with low haze, sheet resistance and cost are 
discussed, concluding that woven metal meshes meet these design param-
eters. Electroplated current is measured on an indium tin oxide electrode and 
two meshes with different wire spacings, showing the meshes’ cylindrical 
geometry enable them to draw more current per square area. The mesh 
material composition is analyzed to ensure cycling durability in a CuBi 
electrolyte by developing a transparent mesh with an inert core (stainless 
steel, SS), a thin Au coating, and a high charge-capacity (1.5 C cm−2) CuBi 
outer coating. The study demonstrates that the films maintain a consistent 
Cu:Bi ratio and optical properties after 250 privacy cycles or 1500 cycles to 
10% transmission, showing that the Cu and Bi coating is effective in keeping 
the films from becoming Cu rich with cycling. Finally, a 100 cm2 device with 
excellent uniformity and color neutrality is demonstrated.
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1. Introduction

Dynamic windows allow users to control light and heat flow into 
and out of buildings without obstructing their view, enabling 
energy savings up to 20% compared to static low-emissivity 
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from stacking two of their dynamic glazings together, which 
increases cost and reduces their clear state transmission from 
64% to 50%.[12]

Dynamic windows based on reversible metal electrodeposi-
tion (RME) are an exciting alternative approach and have the 
potential to overcome the issues associated with traditional 
dynamic windows.[14–19] RME dynamic windows modulate light 
by the reversible electrodeposition of metal on and off a trans-
parent conducting oxide (TCO) decorated with Pt nanoparticles. 
These windows typically use an aqueous electrolyte containing 
metal cations (e.g., Cu2+ and Bi3+). Applying a cathodic poten-
tial on the TCO reduces the metal cations to a color-neutral 
metallic film across the TCO surface to block light, tinting the 
window. A reverse in polarity oxidizes the metal back into solu-
tion in a process called “bleaching,” returning the window to its 
transparent state, which is 60–85%, depending on device archi-
tecture.[14,16–19] Thus far for RME dynamic windows, significant 
attention has been given to the working electrode TCO and the 
electrolyte.[14,16–19] Pt nanoparticles have been anchored to the 
TCO surface to improve metal nucleation and RME without sig-
nificantly affecting electrode transmissivity or conductivity.[16,18] 
A CuBi electrolyte has also been developed that demon-
strates color-neutral tinting and impressive durability.[17,19] More 
recently, we have shown that a small amount (0.1 w/v%) of a 
polymer (poly-vinyl alcohol) added to the electrolyte prevents 
dendrite growth and enables RME dynamic windows to reach a 
privacy tinted state due to a smooth and compact electrodepos-
ited film.[14] Because RME dynamic windows achieve this pri-
vacy state using one dynamically tinting layer and use solu-
tion processed techniques, they have the potential to be much 
cheaper and open up the residential market.

To reach a privacy state, current RME dynamic windows 
shuttle ≈150 mC cm−2 between the working and counter elec-
trode.[14] A robust counter electrode must have enough capacity 
to charge balance the working electrode reaction while main-
taining desired window properties (high transparency and low 
haze). Some RME systems use redox shuttles in the electro-
lyte[15,20,21] (e.g., 3 Br− ⇆ Br3

−, Figure  1a) or ion intercalation 
materials as the counter electrode material[22–25] (e.g., NiOx and 

various hexacyanoferrates, Figure 1b) for the counter reactions. 
Redox shuttles are not ideal for RME as the 3 Br− ⇆ Br3

− reac-
tion is colored.[19] Ion intercalation materials (e.g., Li+ inter-
calation into NiOx) help by enabling dual tinting electrodes, 
but these electrodes are typically slightly colored in the clear 
state.[26–29] To reach higher capacities, the ion intercalation 
materials need to be thicker, decreasing their transparency due 
to Beer’s law. Metal meshes can be optimized as transparent 
electrodes because of their high transmissivity and low resis-
tivity[30–32] and offer an attractive approach to designing a high 
charge-capacity electrode.[14,18,19,33] Metal meshes also simplify 
window design by having the same materials reversibly electro-
plated on both electrodes as shown in Figure 1c. We have previ-
ously described dynamic windows made with Cu metal mesh 
electrodes bought off the shelf.[14,18,19]

In this work, we outline the design considerations for a 
metal mesh counter electrode, focusing on the mesh geom-
etry and material composition. First, we outline the benefits of 
using metal meshes as transparent, low-haze, low-sheet resist-
ance, and high charge-capacity electrodes. We choose woven 
metal meshes for the counter electrode due to their low cost 
and high electrochemically active surface area. An additional 
benefit to using metal meshes is that their cylindrical geometry 
enables more current to be drawn despite the less electrochem-
ically active area per square compared to the planar TCO, which 
enables control over bleaching speed while maintaining high 
transmission. Our experiments show that Cu mesh counter 
electrodes increase the Cu2+ concentration of the CuBi elec-
trolyte over privacy cycling, resulting in optical and electro-
chemical degradation. We develop a woven mesh incorpo-
rating a stainless-steel (SS) core that is electrochemically inert. 
To improve plating of Cu and Bi on SS, which is difficult due 
to native oxides on the SS surface, we electroplate an Au-cap-
ping layer that improves CuBi adhesion. This mesh design 
(CuBi Au-SS mesh) has a high charge capacity (1.5 C cm−2 
without significantly affecting the electrode transparency (<2% 
decrease) or haze (<1% decrease) and shows an improvement 
in durability. We demonstrate 250 privacy cycles and 1500 
cycles to 10% transmission without significantly changing the 

Figure 1.  Schematic showing examples of different counter electrode options for RME dynamic windows: a) redox shuttles where many electrolytes use 
Br− as a counter ion to the metal salts, b) ion intercalation materials where Li+ is already in the electrolyte to improve ionic conductivity, or c) metal 
counter electrodes where the same metals from the reversible metal film are reversibly plated onto the metal counter electrode. Black arrows indicate 
reactions for window tinting and blue arrows indicate reactions for window bleaching. All architectures show use RME (Mn+ ⇆ M0) on a TCO working 
electrode to deposit a metal film to modulate light.
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electrolyte composition. We discuss how the opacity of the 
dark state in cycling affects the cycle life of an RME dynamic 
window, showing that shuttling less metal improves cycle life. 
Finally, we fabricate a 10 cm × 10 cm device using this CuBi 
Au-SS mesh.

2. Results and Discussion

2.1. Geometric Considerations: Optimizing Metal Meshes for 
Transparency and Electrochemically Active Area

Metal mesh electrodes are a leading candidate for transparent 
conductors with the ability to optimize for transparency and 
sheet resistance by varying the line width and line pitch.[34] An 
increase in line width or reduction in line pitch will decrease 
sheet resistance with the tradeoff of decreased transparency.

Metal mesh counter electrodes are plane-parallel with the 
TCO, making the ion diffusion distance nearly uniform from 
the counter electrode to the working electrode and allowing 
uniform plating across the working electrode (Figure S1, Sup-
porting Information). The Cu free-standing woven mesh is 
bought off the shelf from TWP Inc. with a wire diameter of 
30.48  µm and a pitch of 244  µm. pitch. The measured trans-
parency of the Cu metal mesh is 75.6%, and the measured 
sheet resistance is 0.045 Ω □−1, giving it a high transparent 
conductor figure of merit of 27 906 as defined by Dressel and 
Grüner (Equation (1)):
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This figure of merit relates the relationship between direct 
current conductivity, σdc, and optical conductivity at 550  nm, 
σopt.[35] Stainless steel (SS) will be explored later in the study, 
and its analogous mesh properties are shown in Table 1. Both 
of these woven meshes exhibit exceptional figures of merit as 
transparent conductors, far exceeding the typical industrial 
standard of at least 350.[36–38] For RME dynamic windows, low 

sheet resistance transparent conductors reduce the voltage drop 
from edge to center of a large scale window (Equation S1, Sup-
porting Information)[18] We show in Note S1, Supporting Infor-
mation, that the sheet resistance of indium tin oxide (ITO) 
(≈7–10 Ω □−1) limits the size of an RME dynamic window with 
uniform tinting (Figure S2, Supporting Information). Haze 
is defined as the amount of diffuse transmitted light divided 
by total transmitted light. Less than 3% haze is typically the 
threshold where a clear view is necessary.[34,39] The haze values 
(4.6% for Cu mesh and 1.7% for SS mesh) are primarily related 
to the geometry of the mesh. The bigger spacing between the 
wires in the SS mesh significantly reduces the diffuse transmis-
sion and the haze to acceptable levels.

Next, we explore how metal lines of different widths are 
perceived using photolithography to make meshes with lines 
that are thinner than can be obtained in woven meshes. After 
patterning ITO using photolithography and electroplating Cu 
to different line widths from 5 to 50 µm, we show that 10-µm 
lines are effectively invisible to the human eye (Figure S3, Sup-
porting Information), consistent with previous literature,[40] 
while 25-µm lines are barely visible.

Electrochemical capacity to balance the working electrode 
reaction is equally important. If all of the Cu from the mesh 
were transferred to the working electrode, the capacity would 
be 15.64 C cm−2, which is ≈100× the capacity needed to switch 
the RME dynamic window to privacy (Table 1, see Note S2, Sup-
porting Information, for detailed calculation).

For RME dynamic windows, it is ideal to have the highest 
transparency without compromising switching speed. We show 
that varying the metal counter electrode area relative to the 
working electrode (Pt-modified ITO, “Pt-ITO”) area does not 
significantly affect the window tinting speed but has a signifi-
cant impact on window bleaching speed (Figure S5, Supporting 
Information). The reason for this difference is due to the diffu-
sion to the electrode surfaces. For tinting, the metal ions diffuse 
from the bulk to the surface of the Pt-ITO active area. Metal 
oxidation from the metal counter electrode is not limiting as 
metal can readily be oxidized from this electrode (Figure S6a,b, 
Supporting Information). Upon bleaching, however, the dif-
fusion of the metal ions is constrained to the active area of 
the metal electrode, which has a different area (Figure S6c,d, 
Supporting Information). Again, the metal oxidation from the 
metal-plated Pt-ITO electrode is not limiting, until all the metal 
is oxidized, and the window returns to transparent. For a more 
detailed explanation, see Note S3, Supporting Information. We 
also discuss the RME tinting speed compared to other electro-
chromic technologies in Note S4, Supporting Information, and 
conclude that we have a wider dynamic range and a comparable 
switching time.[41]

While 10-µm lines are desired, processing these meshes 
at scale can increase cost significantly. Printing and other 
solution processes have been used to make large-scale metal 
mesh electrodes with high figures of merit.[34,36,40,42,43] A 
woven metal mesh (Cu or SS) with 30-µm diameter, however, 
is commercially available (TWP, Inc.). Perhaps the biggest 
advantage to using a free-standing woven mesh compared 
to other fabrication techniques such as embedding a metal 
mesh[36,42] and photolithography[43] is that a free-standing 
woven mesh maximizes the active area for electrochemical 

Table 1.  Properties of Cu and SS woven mesh from TWP, Inc. See 
Figure S4, Supporting Information, for transmission properties and 
Note S2, Supporting Information, for electrochemical properties.

Property Cu mesh Stainless steel (SS) mesh

Wire diameter [µm] 30.48 30.48

Wire pitch [µm] 224 476

Transparency, no substrate [%] 75.6 87.3

Sheet resistance [Ω □−1] 0.045 2.05

FoM 27 906 1 309

Haze, with glass substrate [%] 4.6 1.7

Off-the-shelf RME capacity  
(C cm−2 window)

15.64 0

Electrochemically active area per 
square area [%]

75 37

Adv. Energy Mater. 2022, 2200854
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reactions without significantly affecting the window’s clear 
state transparency (Figure 2a–d). Figure 2e shows the current 
density per square area versus time for half cells plating Cu 
and Bi onto a Pt-ITO (planar surface), a Cu mesh (cylindrical 

wires), and an Au coated SS mesh (cylindrical wires). Despite 
the active areas being 75% and 37% of the total square area 
of the Pt-ITO electrode for the Cu mesh and Au-SS mesh, 
respectively (Table 1), they draw more current than the planar 
Pt-ITO electrode due to their cylindrical geometry (See Note 
S5, Supporting Information, for a detailed discussion).[44–46] 
Thus, the free-standing woven mesh has the fastest window 
bleaching speed for a given electrode geometry, and the 
design of the mesh can limit the rate at which the window 
bleaches. Despite half of the mesh facing the glass backing, 
the front and back sides of a free-standing Cu mesh show 
nearly the same ratio of Cu:Bi after 10 privacy cycles using 
energy-dispersive X-ray spectroscopy (EDS), confirming the 
entire immersed surface area is electrochemically active 
(Figure S11, Supporting Information). For a discussion on 
an ideal mesh design using different wire diameters, see 
Note S6, Supporting Information,.

2.2. Materials Consideration: Cu and Stainless-Steel Metal 
Meshes for Privacy Cycling RME Devices

Having established the geometric design considerations for a 
metal mesh counter electrode for RME dynamic windows, we 
now investigate potential materials used for the metal mesh 
counter electrode. Table  2 shows various materials that could 
be used for a counter electrode mesh material and relevant 
material properties including conductivity, redox properties, 
raw material cost, and commercial availability as a mesh. All 
these materials are highly conductive and thus would have low 
sheet resistances. The standard reduction potentials theoreti-
cally should be more positive than those of the metals depos-
ited such that the mesh material should remain inert. Due to 
standard reduction potential, material cost and/or the availa-
bility to purchase as a woven mesh, the most promising options 
in our acidic CuBi electrolyte are Cu and stainless steel (SS), 
which will be the focus of the study.

2.2.1. Studies with Cu Metal Mesh Electrodes

Cu has been used as a counter electrode in our most recent 
RME dynamic window designs because it is a low-cost material 
with one of the highest conductivities.[14,18,19] We found that a 
two-electrode RME dynamic window using a Cu mesh counter 
electrode achieves color-neutral tinting to privacy on cycle 1 
by tinting the window at −0.7 V, which takes 276 s to pass the 
necessary 159 mC cm−2. The Cu mesh device maintains a color 
neutral privacy transmission state over 250 cycles (Figure 3a). 
The corresponding reflection data (Figure 3b), however, shows 
a peak in reflection starting at 550  nm by cycle 200, which 
becomes more pronounced by cycle 250.

The coloration efficiency decays as a function of cycle 
number, dropping from 18.3 cm2 C−1 on cycle 1 to 13.9 cm2 C−1 
by cycle 250 (Figure 3c). Coloration efficiency is defined as the 
change in transmission state divided by the charge passed for 
a given window area to achieve that transmission state and is 
a metric to determine how efficient a device blocks light. This 
drop in coloration efficiency also means that charge passed 

Figure 2.  a–d) Various metal mesh geometries and their electrochemically 
active areas shown in black for given projected area. Fabrication examples 
listed underneath. Metal electrode shown in orange and non-conductive 
backing (e.g., glass or plastic) shown in blue. L is the length of the elec-
trode. e) Current density per square area versus time for (black) Pt-ITO, 
(red) Cu mesh, and (blue) Au coated SS mesh for metal deposition induced 
at −0.7 V versus Ag/AgCl for 1 min using the CuBi electrolyte.

Adv. Energy Mater. 2022, 2200854
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cannot be used as a proxy for window transmission state, 
necessitating another mechanism for the user to know the 
transmission state of the window, such as a photodetector. The 
growing peak in reflection and drop in coloration efficiency 
over cycling suggest an increase in [Cu2+] and that more Cu 
is plated[16,47] from the electrolyte after many cycles. To con-
firm this hypothesis, we conducted EDS on the metal deposits 
from the cycled electrolyte and compared the results to those 
from fresh electrolyte. Initially, the ratio of Cu:Bi in the metal 
film is 3.2 (Figure S13, Supporting Information). After 250 pri-
vacy cycles in a Cu mesh device, this ratio rises significantly 
to 13.8 (Figure S14, Supporting Information). This increase in 
the Cu:Bi ratio of the metal film after extensive privacy cycling 
confirms that [Cu2+] is increasing into the electrolyte, thus 
inducing a change in the overall composition of the metal film. 
For a detailed discussion about the implications of using a Cu 
mesh on the electrolyte on the first cycle, see Note S7, Sup-
porting Information.

2.2.2. Improvements to the Metal Mesh Counter Electrode Using 
an Inert Core (Stainless-Steel) and Shell (Electroplated Au)

The Cu mesh has the propensity to increase [Cu2+] into the 
electrolyte over cycling because it is an electrochemically active 
material (Table S1, Supporting Information). In Figure 4a, we 
show a cyclic voltammogram (CV) in an electrolyte without 
active metals (no Cu or Bi, “blank” electrolyte). The rise in oxi-
dative current beyond 0.1  V using the Cu mesh (black curve) 
indicates Cu metal oxidation. Stainless steel (SS) is chemi-
cally inert and possesses a high conductivity (1.45 × 106 S m−1 
and measured sheet resistance of 2.05 Ω □−1), making it an 
excellent candidate as a counter electrode material, as it has 
been used in other Zn-based systems.[33,48] A CV of the SS 
mesh in the blank electrolyte shows no Faradaic current in 
the same potential range, indicating that there are no electro-
chemical side reactions in the voltage range for RME dynamic 
windows (Figure  4a, red curve, Table  1). The woven SS mesh 
was purchased with the same wire diameter as the Cu mesh 
(30.48 µm), but with a higher pitch (476 µm), which increases 
the transmission of the mesh by ≈10% (Table 1).

Because SS is electrochemically inactive in this potential 
range, bare SS has no capacity to balance charge in an RME 

dynamic window (Figure 4a, red curve and Table 1). Pre-depos-
iting Cu and Bi via electrodeposition gives the SS electrode 
capacity to balance Cu and Bi electrodeposition on the working 
electrode. Additionally, it provides a symmetric electrochemical 
system where RME of Cu and Bi can occur on both the working 
and counter electrodes, thus eliminating degradative side reac-
tions and reducing complexity.

Native oxides on the SS surface contribute to the chemical 
robustness of SS but also make it difficult to electroplate metals 
onto bare SS.[49] We electrocleaned the mesh using a process 
described in more detail in the Experimental Section. A thin 
layer of electroplated metal, known as a “strike,” is often used 
to improve metal electroplating and subsequent adhesion on 
SS surfaces. The most common of these strikes is Ni.[49] A Ni 
strike was explored in this study but was ultimately not used 
due to its oxidation by soaking in our electrolyte after 1 week 
(see Note S8, Supporting Information); we thus opted for a 
more noble metal in Au. The aqueous TriVal Gold strike bath 
contains potassium auricyanide and hydrochloric acid (Gold 
Plating Services). The Au strike on SS mesh fully covers the 
SS mesh surface with ≈0.2 µm increase in total wire thickness 
(Figure S18, Supporting Information), while remaining electro-
chemically inert in the desired potential range (Figure 4a, blue 
curve). For RME dynamic windows, the Au-SS mesh also shows 
improvement compared to the bare SS mesh in metal nuclea-
tion by decreasing the onset potential for CuBi deposition by 
128 mV and the onset potential for CuBi stripping by 84 mV 
(Figure 4b).

The electrodeposited metal adhesion issue on bare SS is 
shown by the SEM-EDS in Figure  5. Figure  5a shows SEM 
of Cu and Bi electrodeposited onto a bare SS mesh substrate. 
Clearly, there is a section on the bare SS mesh that is not 
coated, and EDS in Figure 5b confirms the uncoated section is 
rich in Fe, which is the largest component of SS. In contrast, 
Figure 5c shows SEM of Cu and Bi electrodeposited onto Au-SS 
mesh with full coverage (Figure 5d).

2.2.3. Implementation of the CuBi Au-SS Mesh for RME 
Dynamic Window for Privacy Cycling

One significant advantage to using a metal mesh as a counter 
electrode material is the ability to simultaneously achieve 

Table 2.  Various mesh materials and relevant properties as a counter electrode material for RME dynamic windows. Costs are for bulk metals and 
were found on October 11, 2021 using https://price.metal.com/.

Mesh material Conductivity [S m−1] Standard reduction potential  
(V versus SHE)

Raw metal cost ($/kg) Availability as a mesh

Cu 5.96 × 107 0.337 11 Commercially available (TWP, Unique Wire, etc.)

Stainless Steel 1.45 × 106 N/A 4.6 Commercially available (TWP, Unique Wire, etc.)

Ni 1.43 × 107 −0.25 22.6 Commercially available (Unique Wire)

Zn 1.69 × 107 −0.7618 3.6 Not commercially available

Bi 7.75 × 105 0.308 7.7 Not commercially available

Pb 4.55 × 106 −0.126 2.3 Toxic—not commercially available

Ag 6.30 × 107 0.7996 732 Not commercially available

Au 4.10 × 107 1.83 58 088 Not commercially available

Adv. Energy Mater. 2022, 2200854
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high transparency, low haze, and high capacity. Table 3 shows 
the effects of the Au strike and pre-loading the Au strike SS 
mesh (Au-SS) via electrodeposition with Cu and Bi on the 
transmission and haze. Remarkably, plating up to 10× the 
capacity needed to achieve privacy state transmission on the 
ITO electrode does not significantly decrease the transmission 
(≈2% drop with an increase in total wire diameter to ≈35 µm, 
≈2.5 µm additional thickness in radius on top of the Au strike) 
and decreases haze (from 1.7% to 0.8%), which is likely due to 
absorption of light from the black CuBi wire coating. Thus, 
the Au-SS mesh electrode can be pre-loaded with and can 
serve as a sink of Cu and Bi metal to be reversibly electro-
plated without significantly affecting the clear state optics of the 
window. Plating just enough CuBi to theoretically achieve pri-
vacy transmission (150 mC cm−2) is not sufficient because not 
all the plated metal can be oxidized, and the device fails to reach 
the privacy state on cycle 1 (Figure S19, Supporting Informa-
tion). Therefore, it is necessary to plate more metal to achieve 
the privacy state reliably. An additional benefit of the rough 
CuBi wire coating is that the metal electrode appears black 
from the initial cycle, while the Cu mesh appears red-orange 
until after the first cycle, when Bi and Cu are plated onto the Cu 
mesh (Figure S20, Supporting Information).

Next, we implement this custom Au-SS metal mesh counter 
electrode pre-coated with Cu and Bi via electrodeposition with 
10× privacy capacity into a RME dynamic window for privacy 
cycling (the CuBi Au-SS mesh device). The clear state trans-
mission is >70% at 550 nm, which is higher than that in com-
mercially available electrochromic windows, where the clear 
state transmissions are between 58% and 64%.[10–12] The CuBi 
Au-SS mesh device is also tinted at −0.7  V and takes 224 s to 
pass the required 147 mC cm−2. This device maintains a color 
neutral privacy state over 250 cycles (Figure 6a). In contrast to 
the Cu mesh device, which had a growing peak in reflection 
starting at 550  nm and a continuous drop in coloration effi-
ciency over cycling, the CuBi Au-SS mesh device maintains 
a consistent reflection profile over cycling (Figure  6b) and 
sustains a consistent coloration efficiency (≈17.4 cm2 C−1) after 
an initial drop (from 20.3 to 17.4 cm2 C−1) in the first 10 cycles 
(Figure 6c). We attribute this initial drop in coloration efficiency 
to electrochemical conditioning, which is typical of RME sys-
tems.[50] The fact that the window has a consistent coloration 
efficiency (Figure S22, Supporting Information) simplifies the 
window design to an algorithm that can determine the trans-
mission state of the window based on the amount of charge 
passed, which reduces the cost for dynamic windows. When 
EDS is conducted on the metal deposits after 250 cycles, the 
ratio of Cu:Bi is 4.8 (Figure S23, Supporting Information), 
which is much closer to the original ratio, which was 3.2, com-
pared to the deposits from the Cu mesh device, which was 13.8. 
Thus, the metal choice on the counter electrode also plays a 
vital role in device durability.

2.3. Context for Cycling Conditions: Deeper Cycles Decrease 
Cycle Life

It is known in the battery literature that depth of discharge 
affects the cycle life and degradation for both Li metal[51] and 

Figure 3.  Cu mesh RME dynamic window device performance over 250 
privacy cycles: a) transmission versus wavelength, b) reflection versus 
wavelength, and c) coloration efficiency as a function of cycle number. 
Arrows in (a) and (b) indicate direction of window tinting. Windows were 
tinted at −0.7 V and bleached at +0.7 V.
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Li-ion batteries,[52] where a deeper depth of discharge decreases 
cycle life. In fact, the commonly used concept of “C rate” in 
batteries is based on defining the charge and discharge rates 
in relation to their depth of discharge. A deeper depth of dis-
charge for batteries is analogous to cycling dynamic windows 
to a darker transmission state. In this work, we have focused 
our attention on privacy cycling where the Cu mesh device 
shows degradation by cycle 200. To put the 250 privacy cycles 
for the CuBi Au-SS mesh device in context, we also cycled 
a device with this architecture to 10% transmission and show 
1500 cycles without significant degradation in optical contrast 
(Figure  7). These differences in cycle numbers reported are 
consistent with what one would expect given what is known in 
battery literature due to the differences in cycling conditions. 

In both cycling conditions, dendrites form on the CuBi Au-SS 
mesh, limiting the device cycle life (Figure S24, Supporting 
Information). In future work, we will explore alternate cycling 
conditions to avoid the dendrite growth.

2.4. Implementation into a 10 cm × 10 cm Device

Finally, we incorporate this CuBi Au-SS mesh into a 10 cm × 
10 cm RME device that tints uniformly and reaches the privacy 
state in 315 s and returns to the clear state in 115 s (Figure 8). 
The 10 cm × 10 cm window tints and bleaches slower than the 
5  cm × 5  cm devices since we used a thicker electrolyte layer 
to avoid potential short circuiting using a free-standing woven 

Figure 4.  Cyclic voltammograms using various meshes in a) “blank” and b) full CuBi electrolytes. Blank electrolyte consists of 1 m LiClO4, 10 mm 
HClO4, and 0.1 w/v% PVA. CuBi electrolyte consists of the blank electrolyte plus 10 mm Cu(ClO4)2 and 10 mm BiOClO4.

Figure 5.  a) SEM and corresponding b) EDS map of 10× privacy capacity CuBi plated onto the bare SS mesh. c) SEM and corresponding d) EDS of 
10× privacy capacity CuBi plated onto the Au-SS mesh.
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mesh over the large device. A gel electrolyte can be imple-
mented to enable thin devices to minimize the diffusion dis-
tance between the two electrodes, allowing for faster switching 
speeds without the potential for a short-circuited device. For a 
discussion on the size of an RME window, see Note S1, Sup-
porting Information, where we show that the limiting factor 
currently is the sheet resistance of the Pt-ITO electrode, not 
the metal mesh. Color neutrality is desired in dynamic win-
dows as not to obstruct or taint the view. We show in Table S2, 
Supporting Information, that the CuBi Au-SS mesh device 
is color neutral across a range of tint states (see Note S9, Sup-
porting Information, for a detailed explanation).

3. Conclusions

In this work, we explore metal meshes as a counter electrode 
material for RME dynamic windows. We show that metal meshes 
simultaneously have high transparency (>75%), low haze (<5%), 
and low sheet resistance (<3 Ω □−1). Metal meshes also satisfy the 
added electrochemical constraint of having high charge capacity, 
making them an excellent candidate for RME dynamic windows 
achieving privacy state transmission (0.1% VLT). We conclude 
that free-standing woven meshes offer a unique advantage over 
other processing techniques due to the higher exposed surface 
area at low cost. The cylindrical geometry of the mesh also can 
support more current per square area of window compared to 
the planar ITO surface, allowing the mesh to be designed with 
even higher transparency for a given bleaching speed. The use 
of the Cu mesh counter electrode slowly increases [Cu2+] in the 
electrolyte over the course of 250 privacy cycles, which results 
in significant changes in reflection and drop in coloration effi-
ciency. The Cu:Bi deposited onto Pt-ITO increased drastically 
from 3.2 from fresh electrolyte to 13.8 after 250 privacy cycles. 
We then explored the use of an inert core mesh (SS) where RME 
capacity was pre-loaded via electrodeposition of Cu and Bi. The 
use of a thin electroplated Au layer improves metal adhesion and 
RME of Cu and Bi compared to bare SS by reducing the onset 
potential for metal deposition by 128 mV and the onset potential 

Table 3.  Optical properties of SS mesh preloaded with Cu and Bi for 
various RME window minimum tint states. Charge capacity was elec-
trodeposited from using the CuBi electrolyte. Transmission and haze 
measurements were completed with the metal mesh adhered to a glass 
substrate. Full spectra for full and diffuse transmission are shown in 
Figure S21, Supporting Information.

Substrate Theoretical 
minimum trans-
mission state of 

window

Charge capacity 
[mC cm−2]

Transmission 
[%]

Haze [%]

Stainless steel 
mesh

N/A 0 80.5 1.7

Au strike on SS 
mesh

N/A 0 80.2 1.6

10% VLT 10% 50 80.2 1.0

Glare control 1% 100 80.0 0.9

Privacy 0.1% 150 79.6 1.0

10× Privacy <<0.1% 1 500 78.8 0.8

Figure 6.  CuBi Au-SS mesh RME dynamic window device performance 
over 250 privacy cycles: a) transmission versus wavelength, b) reflection 
versus wavelength, and c) coloration efficiency as a function of cycle 
number. Arrows in (a) and (b) indicate direction of window tinting. Win-
dows were tinted at −0.7 V and bleached at +0.7 V.
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for metal stripping by 84  mV. With this improvement, we pre-
load the Au-SS metal mesh with CuBi (1.5 C cm−2) with min-
imal transmission loss (80.5% to 78.8%) and low haze (0.8%). 
We then use this custom metal mesh design as a counter elec-
trode material to make an RME window with consistent optical 
properties and coloration efficiency over 250 privacy cycles, and 
we give context this reported cycle number by cycling a device 
using this architecture to 10% dark state transmission, extending 
the cycle life to 1500 cycles. Finally, we implement this mesh 
in a 10  cm × 10  cm device to show uniform tinting at a large 
scale. This counter electrode design is the first demonstration of 
durable privacy cycling and paves the way towards making RME 
dynamic windows ubiquitous.

4. Experimental Section
Metal Counter Electrode Preparation: Cu mesh (100 mesh Copper 

0.0012″ Wire Dia) and SS mesh (50 Mesh T316 Stainless High 
Transparency 0.0012″ Wire Dia) were bought from TWP, Inc. Cu foil 
was purchased from a local hardware store. The metal electrodes were 
sonicated in acetone then DI water for 10 min each, then dried in an 
oven at 120 °C. The Cu electrodes were then ready for use. The SS mesh 
was electrocleaned at 48 z at −7 V for 5 min using a SS rod as both a 
counter and reference electrode (Electro-Cleaner Solution, Gold Plating 
Services). The SS mesh was then rinsed with DI water before being 
submerged in the TriVal 24 K Acid Gold strike bath at room temperature 
at −7  V for 1 second using a Pt plated Ti rod as both a counter and 
reference electrode (TriVal Gold Strike, Gold Plating Services). The SS 
mesh was again rinsed with DI water then Cu and Bi were electroplated 
at −0.7  V versus Ag/AgCl using the CuBi electrolyte and a Pt wire 
counter electrode to the desired capacity. The CuBi Au-SS mesh was 
then rinsed in DI water then dried at 120 °C for 2 h before use.

Electrolyte Preparation: Chemicals were bought and used without 
purification. The electrolyte used for all metal plating experiments 
consisted of 10  mm Cu(ClO4)2 • 6H2O (ACROS Organics), 10  mm 
BiOClO4 • H2O (GFS Chemicals), 10 mm HClO4 (Alfa Aesar), 1 m LiClO4 
• 3H2O (ACROS Organics) with 0.1 w/v% PVA (31 000–50 000  g/mol, 
97% hydrolyzed, Aldrich) additive. PVA was added last and stirred at 
1200 rpm and 60–70 °C until dissolved. “Blank” electrolytes did not have 
any active metals (Cu(ClO4)2 or BiOClO4).

Pt-Modified TCO Working Electrode Preparation: ITO and fluorine 
tin oxide (FTO) on glass substrates (Xinyan Technology Ltd, nominal 
sheet resistance of 10 Ω □−1) were used as the TCO for RME dynamic 
windows. The TCO substrates were cleaned by sonication in 10% Extran 
in DI water solution, pure DI water, acetone, then isopropyl alcohol for 
15 min each. After, the substrates were dried with N2 then cleaned in a 
UV-Ozone cleaner for 15 min. The TCO substrates were then 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 N2, then annealed 
at 250 °C for 25 min before use.

RME Dynamic Window Fabrication: Two-electrode devices used 
Pt-modified TCO on glass substrates (Pt-TCO) as a working electrode 
and a metal counter electrode. The 10 cm × 10 cm device shown in 
Figure 8 used Pt-FTO as the working electrode. All other devices used 
Pt-ITO as the working electrode. Two to three layers of butyl rubber edge 
seal (Quanex: Solargain edge tape LP03, 1.5  mm thickness) separated 
the two electrodes and encapsulated the electrolyte between the Pt-TCO 
and back piece of glass. Conductive tape (Conducty Z22, ElectricMosaic) 
was used to make electrical contact with the working electrode. See 
Figure S26, Supporting Information, for design schematic.

Electrochemical Characterization and Device Cycling: Electrochemical 
experiments were run using a BioLogic SP-50 or SP-150 potentiostat. 

Figure 7.  CuBi Au-SS mesh RME dynamic window device performance 
over 1500 cycles to 10% dark state: a) transmission versus wavelength,  
b) reflection versus wavelength, and c) coloration efficiency as a func-
tion of cycle number. Arrows in (a) and (b) indicate direction of window 
tinting. Windows were tinted at −0.7 V and bleached at +0.7 V.
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Three-electrode experiments used a Pt wire counter electrode and a 
“no-leak” Ag/AgCl (eDAQ) reference electrode. Two-electrode devices 
were cycled at −0.7 V until the charge required for cycling was passed for 
window tinting: 159 mC cm−2 for the Cu mesh device and 147 mC cm−2 
for the CuBi Au-SS mesh device for privacy cycling, 61 mC cm−2 for 
10% dark state transmission cycling, and +0.7 V until transparency was 
restored for window bleaching. Check in cycles were run by ensuring 
desired transmission states were reached.

Optical Characterization: Ocean Optics OCEAN FX Miniature 
spectrometer was used in a standard configuration with an Ocean 
Optics halogen light source (HL-2000) for most transmission and all 
reflection measurements.

Remaining transmission measurements (total and diffuse 
transmission) were conducted using a Varian CARY 500 UV–Vis–NIR 
Spectrophotometer equipped with a 150  mm integrating sphere. The 
experimental setup for the haze coefficient characterization based on 
these integrating sphere and spectrophotometer followed the ASTM 
D1003 standard, which is the accepted standard for haze measurements 
for window applications.

Characterization: SEM-EDS was run using a HITACHI SU3500 
scanning electron microscope operated at an accelerating voltage of 
15 kV and equipped with an EDS detector.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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