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Water oxidation 2H,0—0,+4e” +4H") is a key step for
converting solar energy into chemical fuels.?! Nickel and
cobalt oxides are appealing anode materials for water
oxidation because of their abundance and high catalytic
activity at neutral to basic solution conditions.®'! These
oxides are typically electrodeposited on an indium tin oxide
(ITO) substrate for use in photoelectrosynthesis cells
(PECs).'2531 ITO is used because of its high transmittance
(ca. 90 % in the visible spectrum) at low sheet resistances (10—
15 Qsq ). However, the instability of ITO surfaces at the
high anodic potentials required for water oxidation can lead
to a loss of conductivity.'!”! Indium is a scarce element, and
the vapor-phase sputtering process used to make ITO films
further contributes to their high cost.'” The light blocked by
nickel and cobalt oxide catalyst films can also decrease the
light harvesting efficiency of the dye or photovoltaic compo-
nent of a PEC.['12!

Herein we report a new approach to create transparent
catalysts for water oxidation that eliminates the need for ITO.
We replaced the ITO electrode with a conducting network of
copper nanowires (CuNWs), which have the advantage of
being made from an element that is 1000 times more
abundent and 100 times less expensive than indium, and can
be deposited using fast liquid-phase coating processes.!'®!
We then use electrodesposition to create a conformal layer of
nickel or cobalt around the NWs to serve as a catalyst. These
core—shell NW networks exhibit sustained electrocatalytic
water oxidation with activities comparable to thin films of
metal oxides, but transmit up to 6.7 times more light.

CuNWs (>20 um in length and ca. 70 +25 nm in diam-
eter) were synthesized and coated onto glass by following
procedures reported previously (see the Supporting Informa-
tion).”?>*! The CuNW film (65 mgm™?) exhibited a sheet
resistance of 32 Qsq~' at a transmittance of 85 % (4 = 550 nm;
all of the transmittance values refer to specular transmit-
tance). The transmittance and sheet resistance of a NW film
can be varied by simply changing the areal density of the
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NWs.2 A comparison of the performance of CuNW films
with ITO and other alternatives has been reported.*>*!

We have previously demonstrated the electroless plating
of Ni onto CuNWs dispersed in ethylene glycol at 120°C prior
to film formation.” Here, we chose to electroplate Ni onto
CuNWs after film formation because it avoids laborious
centrifugation and washing steps, eliminates ethylene glycol
waste, can be carried out at room temperature, and prevents
the aggregation of NWs due to the magnetic attraction
beween Cu-NiNWs. Electroplating has the additional bene-
fits of being more controllable, reproducible, and versatile
(applicable to a wider range of metals) than electroless
plating.

The CuNW network was coated with Ni by electroplating
Ni" onto the network in deaerated borate buffer (pH 9.2) at
room temperature. As shown in Figure 1A, the cyclic
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Figure 1. A) Cyclic voltammograms of a CuNW network in 0.2m
deaerated borate buffer (pH 9.2) with and without 0.5 mm NiCl, added
to the solution. Scan rate 100 mVs™". B) Current and Ni content of the
film as a function of time during electroplating at —0.75 V vs. NHE.

voltammetry (CV) profile of the CuNW network in solution
without Ni" is relatively featureless. The double-layer charg-
ing current is 80 % that of a polycrystalline copper foil of the
same geometric surface area (Supporting Information, Fig-
ure S1A), even though the fractional area coverage of the
CuNWs on the glass is 0.13.* Upon addition of 0.5 mm NiCl,,
the CV exhibits a redox couple consistent with Ni"' +-2e™—
Ni’ (-=0.25V vs. NHE).

Continuous electroplating was conducted by holding the
potential at —0.75 V vs. NHE for 30 min (Figure 1B). Both
the transmittance and the sheet resistance of the NW network
decreased slightly as the thickness of the nickel coating
increased (Supporting Information, Figure S2). The Cu-Ni
core-shell (Cu.-Ni;) NW network produced by the electro-
deposition shown in Figure 1B contained 33 wt % Ni, exhib-
ited a transmittance of 80% at 550 nm, and had a sheet
resistance of 26 Qsq . These transmittance and sheet resist-
ance values are equivalent to those obtained by using
electroless deposition, as was the stability of the films when
stored in an oven at 85°C (Supporting Information, Fig-
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ure $3).*! This percentage of Ni is close to the minimum
necessary to obtain complete coverage of the surface of the
CuNWs and prevent their oxidation.

Dark-field optical microscopy (DFOM) images (Fig-
ure 2A and B) demonstrate that the CuNWs are evenly
dispersed across the glass substrate and are interconnected.

E
Cu IS L]

), and TEM
(E,F) images of CuNWs (A,C,E) and Cu-Ni NWs (B D F) formed by
the electroplating process shown in Figure 1B.

Figure 2. Dark-field optical microscopy (A,B), SEM (

The color of light scattered from the NWs changes from
reddish-orange to neutral gray upon coating with 33 wt%
nickel. The electroplating of Ni occured only on the surface of
the CuNWs, with no nickel deposited on the open areas of the
substrate. This allowed the network to retain its transmittance
after electroplating. Furthermore, Ni electroplating occured
only at electrically connected CuNWs. In a control experi-
ment on a film comprised of a less dense network of CuNWs
(90% transmittance at 550 nm, 170 Qsq™'), the occasional
isolated CuNW remained uncoated and reddish-orange in
color (Supporting Information, Figure S4).

The SEM images in Figure 2C and D show that the
surface roughness of the NWs increased after Ni coating and
the diameter of the NWs increased from 70 £ 25 nm to 95+
30 nm. The double-layer charging current of the Cu,.-Nj; film
is about 1.3 times that of a polycrystalline Ni foil of the same
geometric surface area (Supporting Information, Fig-
ure S1B). The electroplating rate could be accelerated by
holding the film at more negative potentials (for example,
—0.80 V or —0.85V), but electroplating at these potentials
increased the roughness of the nickel layer (Supporting
Information, Figure S5). Figure 2E and F show TEM images
of the Cu,-Ni; NWs in which the core-shell structure is visible.
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Figure 3. A) Cyclic voltammograms of CuNW and Cu.-Ni;NW net-
works (33 wt% Ni) in 0.2 M borate buffer (pH 9.2). Scan rate

100 mVs™'. The arrow indicates the current peaks increase with scan
cycles. B) Constant potential electrolysis with a Cu-Ni; NW network
(33 wt% Ni) at 1.30 V vs. NHE with 0.03 mm Ni(NO;), added to the
solution.

The thickness of this rough shell was determined to be 13+
5 nm from the TEM images.

Figure 3 A shows CVs obtained for CauNW and Cu,-Ni;
(33 % Ni) NW film electrodes in 0.2M aqueous borate buffer
(pH 9.2). In the absence of a Ni coating, only a relatively small
background oxygen evolution occurs at about 1.30 V. After Ni
coating, the current from water oxidation increased dramat-
ically on the first anodic scan with an onset potential at about
1.15 'V, below which there were no distinct redox peaks. The
cathodic return scan exhibited a broad feature at about
0.84 V, which we attribute to the reduction of a higher
oxidation state Ni species formed during the initial sweep
through the catalytic wave. Subsequent CV scans displayed
a sharp anodic prefeature centered at about 1.05 V. The
anodic and the cathodic prefeatures gradually increased in
amplitude with continued scanning.

The Cu-NigNW film electrode was also used for constant
potential electrolysis at 1.30 V vs. NHE in the presence of
0.03mm Ni(NO;), and aqueous borate buffer (pH 9.2).
Addition of dilute Ni" is essential for sustained long-term
electrolysis. With no Ni" ions added to the solution, the
coated Ni layer gradually dissolved by oxidation after
prolonged electrolysis. A self-repair mechanism was proposed
to explain the sustained electrocatalytic water oxidation by
NiO,H, or CoO,H, clusters and/or films formed in situ from
added Ni'! or Co".** Figure 3B shows that over the first
10 min of electrolysis, the current dropped about 25 %, after
which the current increased, which is presumably due to the
activation of the coated Ni layer and compensatory anodic
deposition of Ni" ions. Catalysis was sustained at a geometric
current density of about 0.80 mA cm ™ Based on the ratio of
the double layer charging current between this NW film and
a polycrystalline nickel foil of the same surface area, the
current desntiy per surface area of the NWs is 0.6 mA cm 2.
Figure 3 B shows that about 9.0 umol of O, was produced over
a period of 2.5 h, with a Faradaic efficiency of 95 %.

As shown in Figure 4 A, a catalytic current density of
1.40 mA cm 2 could be achieved under identical experimental
conditions by increasing the density of CuNWs to about
100 mgm™. After compensating for the iR drop from the
solution, we obtained an activity of 1 mAcm™ at an over-
potential of about 440 mV for the 100 mgm 2 film. This is
comparable to an activity of 1 mA cm ™ at an overpotential of
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Figure 4. A) A plot of the transmittance of Cu-Ni; NW networks versus
catalytic current density of water oxidation. B) Plots of transmittance
versus wavelength for films of CuNWSs (-----), Cu-NigNWs (sess4), and
CuNigNWs (—+=¢) after sustained water oxidation, and a NiO,H,
cluster film on ITO (——) formed from anodic deposition of Ni" ions.
C) SEM and D) TEM images of Cu-Ni; NW networks after water
oxidation.

about 425 mV for an electrodeposited NiO H, cluster film on
ITO under the same pH." The trend in Figure 4 A suggests an
even higher catalytic current density can be attained at the
expense of film transmittance.

To compare the transmittance of the NW films with
a benchmark, we followed previously published procedures to
prepare an electrodeposited NiO,H, cluster film on ITO that
gave the same geometric current density (ca. 0.8 mA cm™2) as
a Cu,-Ni, network (65 mgm™2 CuNWs)."® Figure 4B shows
the transmittance of the Cu,-Nig NW film at A =550 nm drops
from 80 % to 74 % after the water oxidation. The SEM image
in Figure 4 C shows that the network appeared well-preserved
after water oxidation, with no observable deposition of solid
precipitate in the open areas of the film. The TEM image in
Figure 4D shows that the core-shell structure of the NW
became more distinct after water oxidation owing to an
increase in the thickness of the Nishell from 13 £5 nm to 28 +
8 nm. This increase in the shell thickness accounts for the
decrease in the transmittance of the network film after water
oxidation, and is most likely due to the anodic deposition of
Ni" ions onto the NWs. Despite the slight decrease in
transmittance after water oxidation, the transmittance of the
NW network film is still approximately 6.7 times more
tranparent (74 % at A =550 nm) than the NiO,H, cluster film
on ITO (11%) of the same activity. Averaging over the
wavelengths of 300-1800 nm, the transmittance of the Cu,-
Ni;,NW film is 80.2% versus 39.3% for the NiO,H, cluster
film on ITO.

We performed X-ray photoelectron spectroscopy (XPS)
on the NWs to further characterize their compositional
changes after electrodeposition and water oxidation. XPS of
CuNWs (Figure 5A) exhibits peaks at 932.0 and 951.8 eV,
which are characteristic of the 2p;, and 2p,,, binding energies
of Cu(0) metal.” The small rounded peaks at 943.6 and
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Figure 5. XPS spectra of the A) Cu and B) Ni species present on
CuNW, Cu-NigNW, and Cu-NigNW networks after water oxidation.
CPS = counts per second.

962.4 eV can be attritubed to CuO™! on the surface of the
CuNWs. After coating the CuNWs with Ni, the signal for Cu
almost disappeared (Figure 5 A), and peaks for the 2p;, and
2pi, binding energies of Ni’ appeared at 851.3 and
868.7 e V> respectively (Figure SB). Additional peaks
also formed at 853.9, 860.1, 871.8, and 879.0 eV after nickel
deposition. These peaks have previously been assigned to
NiO.>>%1 After water oxidation, the Ni’ peaks disappeared
and those originally assigned to NiO intensified and shifted
toward higher binding energies. The 2p;, and 2p,, peak at
853.9eV and 871.8 eV shifted to 855.3eV and 873.3 ¢V,
respectively, which is most likely due to the formation of
Ni(OH), and/or NiOOH during water oxdation. %22

As shown in the Supporting Information, Figures S6 and
S7, the electroplating of Ni on the CuNW network and the
activity of the Cu.-Ni;NW network toward water oxidation
was not altered by the replacement of glass with flexible
polyethylene terephthalate (PET). Figure 6 shows that a film
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Figure 6. Plots of sheet resistance (Rs) versus number of bends for
ITO film (@), CuNW film (m), Cu-NigNW film (33 wt% Ni; A), and
Cu-NigNW film (33 wt% Ni) after water oxidation (¥) on PET.

of Cu.-Ni;g NW (33wt % Ni) on PET exhibited a relatively
small increase in sheet resistance from 28 to 103 Qsq ™' after
1000 bends, and this flexibility is retained after water
oxidation. This is in contrast to ITO on PET, for which the
sheet resistance increased by 400 times after just 250 bends.
The relatively greater flexibility and mechanial durability of
nanowire films may expand the design space for PECs.['®!7]

To demonstrate the versatility of electroplating on CuNW
networks as a way to make transparent electrocatalysts, we
also fabricated a Cu-Co,NW film and used it for water
oxidation. The CuNW network (85% at 550 nm, 32 Qsq™")
was coated with Co by electroplating Co" onto the network in
a deaerated phosphate buffer (pH 7.0) at room temperature.
A CV (Supporting Information, Figure S8 A) shows a redox
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Figure 7. A) Dark-field optical microscopy, B) SEM, and C) TEM
images of Cu-Co, NW networks (40 wt% Co) made by electroplating
(See the Supporting Information, Figure S8B). D) Cyclic voltammo-
grams of CuNW and Cu.Co,NW networks (40 wt% Co) in 1M NaOH.
Scan rate 100 mVs™'. Inset: constant potential electrolysis with a Cu,-
Co, NW network (40 wt% Co) at 0.86 V vs. NHE with 0.1 mm added
Co(ClOy),.

couple corresponding to Co™ +2e~+Co” (—0.28 V vs. NHE).
Continuous electroplating was conducted by holding the
potential at —0.75V vs. NHE for 20 min (Supporting
Information, Figure S8B), resulting in a Cu.-Co,NW network
with a cobalt content of about 40 wt %, a transmittance of
78.6% at 550 nm, and a sheet resistance of 26 Qsq ..

Figure 7 A-C shows optical, SEM, and TEM images of the
Cu,-Co,NW network. The images appear similar to the Cu,-
NigNW network with the exception that the Co layer is more
rough than the nickel layer. From the TEM image in
Figure 7C, the thickness of the Co shell was estimated to be
15 £+ 7 nm. Figure 7D shows the Cu.-Co,NW network exhibits
a pre-wave couple at about 0.25V followed by catalytic
current onset at about 0.71 V in 1M NaOH. The Cu-Co,NW
network exhibited sustained electrocatalytic water oxidation
of 1.35 mAcm? at 0.86 V vs. NHE, with an overpotential of
425 mV after compensating for the solution iR drop. The NW
film maintained a transmittance of about 77 % at 550 nm over
the course of water oxidation. As with the Cu-Ni,NW
network, higher catalytic current densities can be attained for
the Cu,-Co,NW network by increasing the areal density of
NWs at the expense of film transmittance.

We have demonstrated that networks of Cu-Ni and Cu-Co
core-shell nanowires can be fabricated by deposition of
solution-synthesized Cu nanowires, followed by electrodepo-
sition. This fabrication method can most likely be extended to
create core—shell nanowire networks with a wide variety of
compositions for various applications. Core—shell nanowire
networks exhibit electrocatalytic performance for water
oxidation equivelant to metal oxide films of similar compo-
sition, but are several times more transparent. The greater
transmittance, mechancial flexibility, and lower materials cost
of nanowire network catalysts relative to thin film catalysts
deposited on ITO opens up new possibilities to engineer more
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efficient, mechanically robutst, and affordable light-harvest-
ing architectures for scalable production of solar fuels.!'”
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