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ABSTRACT: Electrochemical systems offer a versatile means for

creating adaptive devices. However, the utility of electrochemical . Voltage On
deposition is inherently limited by the properties of the electrolyte. \ Mirror Forms P )
The development of ionic liquids enables electrodeposition in high- N < - 7
. 1 < -~ 'oltage Off T} / -~
vacuum environments and presents opportunities for creating Mirror Dissolves

electrochemically adaptive and regenerative spacecraft components.
In this work, we developed a silver-rich, boron cluster ionic liquid
(BCIL) for reversible electrodeposition of silver films. This air and
moisture stable electrolyte was used to deposit metallic films in an

+  [AgBr]

electrochemical cell to tune the emissivity of the cell in situ, L J
demonstrating a proof-of-concept design for spacecraft thermal control. geleX
ource

Boron Cluster lonic Liquid

KEYWORDS: electrodeposition, ionic liquids, infrared transparent electrochemical cell, carboranes, boron clusters

lectrodeposited metallic structures are ubiquitous in presenting new opportunities for electrodeposition in high
modern technologies (e.g., batteries, protective coatings, vacuum and hostile environments such as electron microscopes
displays, and microchips) and emerging technologies such as and plasma chambers.*
resistive memory and reconfigurable electronics.”” The broad Tonic liquids (ILs), salts with low melting points (typically
utility of electrochemically deposited structures grows as new <100 °C), combine the high ion solubility of aqueous media,
electrolytes enable electrodeposition in increasingly challenging the chemical flexibility of organic solvents, and low volatility

environments. Controlled reversible electrodeposition of
metallic structures offers tunable optical properties and
electrical conductivity along with the ability to adapt the
electrochemical system to changing application needs. This
adaptability is appealling in the context of reconfigurable
electronic components which could extend a device’s lifetime
through in situ restructuring.

Early electrodeposition methods used aqueous electrolytes
because of the solubility of common metal ions." The
development of nonaqueous electrolytes has enabled safe
electrodeposition of water sensitive metals for new electro-

and wide electrochemical windows achievable with molten
salts.” The versatility of ILs is increased by tailoring the cation—
anion pairs for individual applications.” Yet, despite the
numerous cation—anion pairs that can form ionic liquids,
much of ionic liquid tunability is achieved by modifying the
cationic component.”® This disparity is largely due to the
synthetic availability of cationic molecular scaffolds such as
ammonium, phosphonium, and heterocyclic motifs. Con-
versely, ionic liquids in which the anionic component

chemical applications such as high density energy storage.’ Received: December 22, 2017
Additionally, electrodepostion from ionic liquids has emerged Accepted: February 6, 2018
as a potential alternative to organic solvent electrolytes, Published: February 6, 2018
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engenders the IL properties are scarce and the anions are
seldom amenable to additional functionalization.””"® Further-
more, the relative instability of commonly used IL anions limits
the longevity of IL-based electrochemical devices. This
becomes especially problematic when designing systems
which require prolonged operation time. Therefore, we sought
to develop an ionic liquid that contains a highly stable and
easily tunable anionic component. Such “anion-based” ILs
could use the metal of interest as the cation and enable high
metal loadings suitable for rapid electrodeposition. Anionic
polyhedral boranes represent a class of modular molecular
building blocks suitable for designing “anion-based” boron
cluster ionic liquids (BCILs)."""* Their robust boron-cluster
framework provides an anionic scaffold amenable to tuning of
melting point, solubility, and redox potential.">'* In this work,
we set out to develop an all-ionic electrolyte suitable for
reversible deposition of silver films. Specifically, we describe an
all-ionic electrolyte to reversibly deposit silver films for the
purpose of controlling infrared (IR) emission from an
electrochemical cell as a means of actively regulating thermal
emission. This technology complements existing approaches to
controlling thermal emission from spacecraft surfaces.” ™'
Importantly, BCILs represent a critical component allowing
these devices to perform reliably without having to exclude air
and moisture, common contaminants that are introduced
during electrochemical device assembly that are difficult to
remove.

Silver films play an important technological role as electrical
conductors and optical coatings. Silver offers unique advantages
over other transition metals because of its high spectral
reflectivity, high electrical conductivity, and corrosion resist-
ance.'” These qualities make silver an attractive metal for
tuning the properties of spacecraft surfaces. Additionally, the
low volatility of IL electrolytes offers a means of performing
electrodeposition in high vacuum environments. Because of its
positive reduction potential, only small voltages are required to
electrodeposit silver from ionic salt precursors." Electro-
deposition of silver was historically performed using cyanide-
based electrolytes due to the formation of stable Ag(CN),'™
complexes." However, the toxicity of aqueous cyanide baths
lead to the development of silver electrodeposition from ILs
and organic solvents.””’ These nonaqueous electrolytes were
suitable for reversible silver electrodeposition and served as
proof-of-concept works for electrochemically modulated optical
films.”'~** The reversibility in these systems is attained from
the halide-trihalide redox couples (X7/X;7, X = Cl, Br, or
1)***° and stable [AgX,]~ complexes.”® Despite these advances,
reversibility in all-ionic electrolytes was limited only to a
handful of ILs. The majority of these, however, still generate
unstable, volatile, or corrosive decomposition products (Figure
1A).””*® In this report, we detail our work on creating an
electrolyte for silver deposition containing a stable anion
amenable to additional functionalization.

We developed a salt metathesis reaction between 1-butyl-3-
methyl-imidazolium bromide, [BMIM]Br, and silver mono-
carborane, Ag[HCB,;H,,], to generate a boron cluster ionic
liquid, BCIL-1, with high silver content (Figure 2A). The
parent carborane salt can be easily synthesized via a salt
metathesis reaction between Cs[HCB;;H;,] and AgNO; with
an 82% yield (see the Supporting Information) This ionic
liquid features an inert ionic matrix of [BMIM]* and
[HCB,,H,,]” ions with [AgBr,]” ions acting as the primary
redox species (Figure 2A). Dialkylimidazolium cations and
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Figure 1. (A) some decomposition products of commonly used ionic
liquid anions. (B) a representative monocarborane anion used in this
work.

monocarborane anions were selected due to their electro-
chemical stability and weakly coordinating characteristics
suitable for designing an inert ionic matrix.”” The BCILs
were enclosed between two FTO electrodes to form a
transparent, two-electrode electrodeposition cell (Figure 2A).
One FTO electrode was set as the working electrode while the
other was set as both the counter and reference electrode.
Cyclic voltammograms (CVs) show a reduction peak
corresponding to reduction of silver complexes to form silver
deposits at the working electrode (Figures 2 and 3).
Electrodeposition begins at —1.5 V vs FTO with a distinct
current loop occurring in the cathodic region which indicates a
nucleation-limited deposition.”” Reversing the polarity of the
electrochemical cell toward +0.3 V vs FTO leads to dissolution
of the silver deposits at the working electrode back into the
electrolyte. It was also observed that halide and metal ion
addives can affect the rate of the silver deposition and etching
(Figure 2B and Figure 3). A general feature of these IL based
electrolytes is an excess of halide, X~ (X = Br or Cl), to Ag".
Typically, X":Ag" ion ratios of 2.5:1 were sufficient to fully
dissolve the silver salts at room temperature. The excess halide
promotes the formation of AgBr,'™ species and provides
additional halide ions to access the halide-trihalide (X™/X;7)
redox couple.

As the composition of the electrolyte, with a fixed halide
concentration, is varied from chloride-rich to bromide-rich the
potential for silver electrodeposition shifts to less cathodic
potentials (Figure 3). This dependence on halide identity in the
BCIL provides a simple method for tuning the onset of silver
reduction and the current density of silver electrodeposition.
Similar irreversible behavior in previously reported optical
modulation devices were resolved by adding Cu(Il) salts.””**
Related studies on the effects of CuBr, in [BMIM]Br ionic
liquids found that CuBr, complexes were effective at etching
copper films.” Likewise, addition of 10 mol % CuBr, (relative
to Ag") to BCIL-1 dramatically improved the reversibility of
the ionic liquid formulation, generating BCIL-2 (Figure 2B).
Noteworthy was the change in film dissolution dynamics,
wherein silver films deposited in the presence of Cu(Il) were
readily removed and exhibited larger oxidative currents (Figures
2B and 3).

Previously, it has been shown that water content present in
ILs during their ambient handling can alter the reversibility of
silver deposition.”’ Importantly, BCIL-2 containing devices
placed into a 98% humidity chamber did not experience
alterations in device performance (Figure S2). CV experiments
showed identical operating currents even after 4 days at these
conditions. Such water tolerance enabled an easy benchtop
assembly. Despite the electrochemical and moisture stability of
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Figure 2. (A) Formation of BCIL-1 by mixing [BMIM]Br with Ag[HCB, H,,]. Inset shows the elementary steps associated with silver
electrodeposition in BCIL-1. (B) Representative cyclic voltammogram (100 mV/s) of BCIL-2, Red and blue arrows indicate forward (deposition)

and reverse (dissolution) potential sweep direction, respectively.

0.24 BCIL-1a
0.0 -
021 1 eq. AgIHCB ,H,(]
04 2.5 eq. [BMIM]Br
0.6
T T T T T 1
§ 024 BCIL-1b
< |
E 0.0+
>
=
g 027 1 eq. AGIHCB,,H,,]
S 04 1.25 eq. [BMIM]CI
g J- 1.25 eq. [BMIM]Br
g -o.e-_
024 BCIL-1c
0.0 Z
02] /
04 1 eq. Ag[HCB,H,]
1 €q. Ag 1111 ;
0.6 - 2.5 eq. [BMIM]CI Increasing
i Br : Cli
—r 151 -
25 20 1.5 1.0 -05 00 0.5 Ratio
Voltage (V)

Figure 3. Two-electrode cyclic voltammograms (100 mV/s) of BCIL-
1 without CuBr, additive. Increasing the Br™:Cl™ ratio increases the
electrodeposition current. Red and blue arrows indicate cathodic and
anodic sweep direction, respectively. Green areas indicate the
composition dependent FTO | [AgX,]™, X5~ | Ag° | FTO process,
red dashed lines indicate the maximum electrodeposition current
density at —2.3 V vs FTO counter electrode.

BCIL-2, a gradual decrease in electrodeposition current was
observed during electrochemical cycling of BCIL-2 cells
(Figure S4). After leaving the electrochemical cell overnight
at room temperature, the electrodeposition current through the
cell decayed and redox features became indistinguishable
(Figure 4A). Visual inspection of the electrolyte showed partial
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crystallization of the BCIL. Heating the cell to 60 °C for 1 hour
dissolved the visble crystallites thereby restoring the cell to the
original performance. This ultimately suggests that formation of
small crystallites leads to reduced ion mobility and electro-
deposition current.

Contrary to prevailing approaches of changing the physical
properties of ILs by altering the cation, we sought to inhibit
crystallite formation by functionalizing the monocarborane
anion. A third electrolytic mixture, BCIL-3, was prepared using
a monocarborane functionalized with a sec-butyl group
appended on the carbon vertex of the boron-rich cluster
(Figure 4B). After the electrochemical cell containing BCIL-3
was kept at room temperature for 24 hours, the deposition
currrents were comparable to those obtained from freshly
prepared BCIL-3 suggesting that, at this time scale, no
obeservable crystallization occurs and hence the device
performance remains unaffected. Heating of the BCIL-3 cell
to 60 °C for 1 hour further increased the electrodeposition
current and eliminated the hysteresis current loop completely
(Figure 4B).

The quality of the electrodeposited films was monitored
using a 633 nm laser to correlate the film growth to the
electrochemical behavior of the cells. Extended electrochemical
cycling of a BCIL-3 cell revealed a decay in reflectance change
(Figure 4C), likely due to partial crystallization of BCIL-3.
These effects were mitigated by heating the cell every 40 cycles
(Figure 4C) to restore reflectance changes of up to 80%.

The silver film electrodeposition from BCIL-3 can reach
maximum reflectance within ~3 s when applying a —2.5 V
cathodic potential, and it can be quickly removed by reversing
the polarity of the electrochemical cell to +2.5 V (Figure 4C).
Oxidative etching of the electrodeposited silver film is likely
accelerated by electromigration of halides toward the working
electrode and subsequent removal of electrodeposited silver as
solvated silver halide anions.”’** Applying a voltage (—1.8 V)
for 450 s produced a thick film which could be analyzed by
scanning electron microscopy (SEM).32 Consistent with
nucleation-limited deposition, the silver deposits grow as a
film of silver crystallites approximately 500 nm in diameter
(Figure S). EDX elemental mapping shows two types of silver-
containing deposits, an underlying Ag film with AgBr crystals
on top of the film. The AgBr deposits likely formed during the
washing of the working electrode, as described previously.”'

DOI: 10.1021/acsami.7b19302
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Figure 4. (A) Two-electrode cyclic voltammograms (100 mV/s) of BCIL-2 after equilibrating at ambient conditions overnight and after heating the
equilibrated cell to 60 °C, top and bottom, respectively. (B) Two-electrode cyclic voltammograms (100 mV/s) of BCIL-3 after equilibrating at
ambient conditions overnight and after heating the equilibrated cell to 60 °C, top and bottom, respectively. Red and blue arrows indicate cathodic
and anodic sweep direction, respectively. (C) Change in reflectivity (Ap) at 633 nm of BCIL-3 electrochemical cell during extended “freeze—thaw”
cycling and during a single deposition-dissolution cycle, top and bottom, respectively. The electrochemical cell was regenerated every 40 cycles by

heating to 60 °C.

Figure S. (A) Scanning electron micrographs and EDX elemental
mapping of BCIL-3 working electrode after deposition of a silver film.
(B) Magnified scanning electron micrographs and EDX elemental
mapping showing a silver film beneath AgBr deposits.

Having identified a suitably resilient electrolyte capable of
depositing silver films, we set out to control the IR transmission
of the electrochemical cell by depositing a metallic film. From
the law of conservation of energy, the sum of the absorption/
emission (a/e), transmission (z), and reflection (p)
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interactions of an incident electromagnetic wave must sum to
unity (eq 1).33

a+p+r=1l=¢e¢+p+7 (1)
a=¢e
As such, a perfect blackbody radiator (¢ = ¢ = 1) is not

reflective (p = 0) because the absorption term dominates eq 1.
Conversely, a perfectly reflective surface (p = 1) would not
absorb/emit energy (a = & = 0). Thus, the emissivity (¢) of a
fixed transparency object can be altered by changing the surface
reflectivity (p) (eq 2).

Ae = —Ap

@)

Similarly, electrodeposition of a reflective film onto an IR
emitter would block the IR emission of the underlying IR
sources (e.g., electrolyte and counter electrode), see the
Supporting Information for demonstration.">™'®** Such
variable emissivity materials serve as the basis for adaptive
surfaces for spacecraft thermal control. However, environ-
mental instability and slow switching times limit their
widespread application.

Metal-rich, all-ionic electrolytes can offer the vacuum stability
of solid-state materials and rapid deposition rates of liquid
electrolytes. A proof-of-concept IR transparent electrochemical
cell was fabricated by enclosing BCIL-3 between two IR
transparent conductors composed of a 200 nm ITO film
deposited onto a sapphire (ALO;) window which is IR
transparent up to ~6 um (1667 cm™"). The electrochemical cell
was mounted in an FTIR spectrometer with the working
electrode facing the detector and IR transmission spectra were
collected for the electrochemical cell in the unplated and plated
states (Figure 6). Electrodeposition of a metallic film reduced
the IR energy transmission (1500—4000 cm™") from 16% in the

DOI: 10.1021/acsami.7b19302
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Figure 6. (A) schematic of IR transparent electrochemical cell. (B)
FTIR transmission spectrum of BCIL-3 IR transparent cell before and
after silver film electrodeposition.

dissolved state to 8% in the deposited state, indicating that the
deposition of a reflective film blocked the emission of the
underlying IR sources (see the Supporting Information for
energy transmission calculation). Strong absorption at ~3000
and ~2400 cm ™' s attributed to the imidazolium and carborane
ions, respectively. Although the longevity of the IR transparent
cell was limited by the ITO electrode instability (Figure S3), it
showcases the potential liquid-based technologies achieveable
with ionic liquids.

In summary, we prepared a stable, all-ionic electrolyte
designed around the weakly coordinating carborane framework
for reversible electrodeposition of silver films. The metal-rich
electrolyte enables rapid, reversible silver electrodeposition.
Meanwhile, the ionic composition presents opportunities for
electrodeposition in extreme environments (such as high
temperature and low pressure). We demonstrate the utility of
this electrolyte in electrochemically modulated optical devices.
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