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ABSTRACT: Photoexcitation can be used to control the composition and
nanoscale morphology of inorganic materials. Here we report the photoinduced
transformation of faceted cuprous oxide (Cu,O) microcrystals to hollow particles
consisting of an inner region of cuprous oxide and an outer shell of copper metal.

Cu,O microcrystal Cu nanoshell
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When cuprous oxide microcrystals with mixed {100} and {111} facets are held at a b

negative bias (—1.0 V vs Ag/AgCl) in a solution of sodium hydroxide (NaOH),

light mediates the growth of copper metal selectively on the {100} facets while the

crystal interior is etched at {111} facets. Conformal Cu layers grow to connect at vertices of the cuboctahedral microcrystals and
form a hollow shell. This process is only observed in the presence of illumination. Without an applied bias the {100} facets are
preferentially etched under illumination in the same NaOH solution. We propose this light-driven, facet-selective
transformation arises from the potential-dependent structure and energetics of the semiconductor/electrolyte interface,
which lead to facet-selective extraction of photogenerated electrons from the {100} facets when the applied bias is more
negative than the flat-band potential of the Cu,O microcrystals. Growth of the Cu shell protects the {100} facets while the
{111} facets are chemically etched in the presence of oxygen and hydroxide.

B INTRODUCTION

Photochemical and photoelectrochemical reactions use light to
drive the formation of chemical products.'™ In semi-
conductors and plasmonic metals, photon-to-chemical con-
version is mediated by the generation of mobile charge carriers
that can be extracted from the material to oxidize or reduce
surface-adsorbed species. The extraction of photoexcited
charges can also be used to grow or transform the material
itself. Illumination during growth has produced complex
nanoscale morphologies in both semiconductors and metals
that are difficult to achieve by other synthetic routes.”> A
prominent example of light-directed growth is the photo-
induced conversion of spherical silver nanoparticles to
nanorods and nanoprisms.”~” This transformation is initiated
by plasmon excitations that decay to generate hot charge
carriers.'’'* Early reports hypothesized the prism and rod
shapes resulted from anisotropic electromagnetic fields
produced by plasmon excitation that create preferential regions
for growth on the initially spherical Ag seed particles.”'>"*
However, it now appears that the final shape of the Ag
nanoparticle is dictated by the specific facets and planar defects
(e.g, twin boundaries or stacking faults) present during the
early stages of growth.”™”

More recently, illumination has been used to drive the
formation of complex, nanoscale patterns during the electro-
chemical growth of chalcogenide glasses.”"*™*° Light—matter
interactions (e.g., absorption and scattering) near the surface
of the growing film lead to periodic variations in the
concentration of photoexcited charge carriers. Because of the
low mobility of charge carriers in chalcogenide glasses,”*' >
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only photoexcited electrons near the surface of the films can be
used to add material via reduction of ions in solution. In this
way, the growth of the film mimics the light-intensity pattern
and can be controlled by the wavelength, polarization, and
angle of the incident illumination.">~"*

In plasmon-mediated growth of Ag nanoparticles, the
structure of the Ag seed particles is believed to be dynamic
under illumination, making it difficult to correlate the initial
structure with the final particle shape.*”* In the photo-
electrochemical growth of nanopatterned chalcogenide films,
the electrodeposited material is poorly crystalline consisting of
nanoscale grains mixed with amorphous material."> Thus, the
role of surface structure in the resulting morphology during
light-directed growth remains underexplored. To expand the
range of materials and morphologies that can be grown by
using light, we decided to study how illumination affects the
electrochemical growth of a material system that exhibits
highly facet-dependent chemical and physical properties. Cu,O
microcrystals serve as a model system for this work as they
exhibit facet-dependent growth,” ™' catalytic activity,”* >
stability,”’ ™ and surface reactivity." ~*® In these previous
reports, facet effects have been attributed to the relative surface
energies of different facets, the passivation of specific facets
through selective binding agents, the facet-selective extraction
of mobile charge carriers, and the facet-selective adsorption of
reactive chemical species.
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Figure 1. Electrochemical transformation of Cu,O microcrystals under illumination and in the dark. (a) SEM image of the initial Cu,O
microcrystals electrodeposited on a Au substrate. (b) Cu,O microcrystals after S min of illumination with an ELH lamp while the electrode was
held at a constant potential of E = —1.0 V vs Ag/AgCl in S M NaOH. The inset shows a magnified image of a single hollow nanoshell with the
{100} and etched {111} facets labeled. (c) Cu,O microcrystals after S min of being held at the same potential in S M NaOH in the dark.

Previous work has shown that illumination catalyzes the
growth of Cu nanowires on Cu,O microcrystals*” and can be
used to prepare n-type Cu,O films that are doped with
Cu’.*®* However, neither of these prior examples studied the
facet dependence of these photochemical reactions. In this
report, we examined both the oxidative etching of Cu,O and
the reductive deposition of Cu on Cu,O microcrystals that
possess a mixture of {100} and {111} facets. Using a
combination of illumination and an applied bias, both of
these reactions occur selectively on {100} facets but at
different potential windows. We develop a physical mechanism
to explain these light-driven transformations, which relies on
facet-selective ion adsorption and extraction of photogenerated
charge carriers. By controlling these processes, we synthesized
a novel nanoscale morphology consisting of a shell of Cu metal
deposited selectively on the {100} facets of the initial Cu,O
microcrystals. The interior either is hollow or contains Cu,O
depending on the growth time.

B RESULTS

Arrays of Cu,O microcrystals on conductive substrates were
prepared by electrodeposition under controlled current
conditions following modifications to previously reported
procedures.”®*” Both the waveform of the deposition current
vs time and the addition of facet-selective binding agents
(sodium dodecyl sulfate and chloride ions) were used to tune
the ratio of {100} to {111} facets. The conditions used to grow
Cu,O microcrystals of different morphologies are provided in
detail in the Experimental Section. A scanning electron
microscopy (SEM) image of cuboctahedral microcrystals
with mixed {100} and {111} facets is shown in Figure la.
The facets can be distinguished by their symmetry as {111}
facets with 3-fold rotational symmetry appear as triangles or as
triangles with truncated corners. The {100} facets with 4-fold
rotational symmetry appear as squares or squares with
truncated corners. An X-ray diffraction (XRD) pattern of the
initial Cu,O microcrystals electrodeposited on a Au substrate is
shown in Figure 2 (blue trace). The strongest reflection at 38°
in 20 belongs to the Au substrate as the deposited
microcrystals are relatively sparse on the substrate. However,
the peaks at 29° and 36° in 26 match the {110} and {111}
reflections for the cubic phase of Cu,O (see Figure S9 in the
Supporting Information for a XRD pattern of the Cu,O
microcrystals over a wider 26 range). The {200} reflection for
Cu,O at 42° is likely absent due to the preferential alignment
of {111} planes parallel to the substrate. SEM images of Cu,O
microcrystals with predominantly {100} facets and predom-

8001

Intensity (a.u.)

rrl

30 35 40 45
Diffraction angle (26)

Figure 2. X-ray diffraction patterns of the initial Cu,O microcrystals
electrodeposited on a Au substrate (blue trace, top), Cu,O
microcrystals after S min while the electrode was held at a constant
potential of E = —1.0 V vs Ag/AgCl in 5 M NaOH in the dark (black
trace, middle), and Cu,O microcrystals after S min of illumination
with an ELH lamp while the electrode was held at the same potential
in S M NaOH (red trace, bottom). The lines at the bottom are the
reflections for standard XRD powder patterns of Cu,O (purple lines,
PDF file #04-007-9767), Cu (orange line, PDF file #00-004-0836),
and Au (green lines, PDF file #00-004-0784).

inantly {111} facets are shown in Figures Sa and S,
respectively. Cyclic voltammetry (CV) of the microcrystals
shows a cathodic peak at —0.41 vs silver/silver chloride (Ag/
AgCl) corresponding to the reduction of Cu,O to Cu metal
(Figures S2 and S3).”° The reduction of adsorbed oxygen also
occurs on the exposed regions of the Au substrate (Figure S1).

Previous reports have shown that changes in the local pH
and potential can induce either oxidation or reduction of
Cu,0.29%73931753 We found that these chemical trans-
formations are significantly altered in the presence of
illumination. Figure 1 shows SEM images of the Cu,O
microcrystals grown on Au after the substrates were held at a
potential of E = —1.0 V vs Ag/AgCl in a solution of 5 M
NaOH both under illumination (Figure 1b) and in the dark
(Figure 1c). An ELH-style halogen lamp was used as the light
source, and the typical irradiance at the electrode was between
300 and 655 mW/cm? Under illumination, hollow structures
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are formed in which a shell has grown selectively on the {100}
facets while the interiors of the microcrystals have been etched
at {111} facets. As shown in Figure lc, the hollow nanoshells
are not formed in the dark. Illuminating the electrode increases
the current when it is held at —1.0 V vs Ag/AgCl (Figure S4).
However, simply increasing the current density in the dark
(either through applying a more negative potential or under
constant current conditions) did not lead to the nanoshell
formation (Figure SS). The threshold irradiance to observe the
formation of the hollow nanoshells was 50 mW/cm? with an
ELH lamp (Figure S7). At lower light intensities, etching of the
microcrystals in the NaOH solution outcompetes growth of
the shells, resulting in broken particles (Figure S7). While a
broadband ELH lamp was used for most experiments, we also
used narrow-band (full width at half-maximum of ~30 nm)
light-emitting diodes (LEDs) with wavelengths of 455 and 625
nm. Based on its band gap energy of 2.1 eV, Cu,O strongly
absorbs blue light (see Figure S6 for an absorption spectrum of
the Cu,O microcrystals). Correspondingly, illumination with
the 455 nm LED produced the same hollow nanoshells as
when the ELH lamp was used (Figure S8a). However, as Cu,O
does not significantly absorb red light, the 625 nm LED
produced structures similar to those formed in the dark
(Figure S8b).

The combination of an applied potential and exposure to the
NaOH solution led to compositional changes in the Cu,O
microcrystals both under illumination and in the dark. We
monitored these changes using XRD and X-ray photoelectron
spectroscopy (XPS). XRD showed that after applying a bias of
—1.0 V vs Ag/AgCl for 5 min while the microcrystals were
immersed in S M NaOH (both in the dark and under
illumination), a reflection at 43° in 26 corresponding to Cu
metal appeared in the diffraction patterns while the peaks at
29° and 36° belonging to Cu,O disappeared (Figure 2). Figure
S9 provides XRD patterns over a wider 26 range. The presence
of Cu metal on the surface of the microcrystals was also
verified by X-ray photoelectron spectroscopy in the Auger
region for Cu LMM electrons (Figure 3b and Figure S11).
Before and after the transformation, the samples possessed a
peak with a kinetic energy of 916.8 eV indicative of Cu*. After
the transformation in both the light and dark, a new peak
appeared at 918.5 eV corresponding to metallic Cu®>*>°

Based on SEM images, etching still occurs even when the
microcrystals are held at a negative bias. As described further
below, the combination of OH™ ions and dissolved O, in the
electrolyte solution leads to oxidation of Cu,O microcrystals
similar to previous reports.’” The presence of Cu* cannot be
easily identified in the Auger region as it appears at 917.8 eV in
between the Cu’ and Cu’ peaks. On the other hand,
photoelectron spectra in the binding energy region for Cu
2py), electrons can identify the presence of Cu®* but cannot
distinguish between Cu* and Cu’’*>* A broad peak with a
binding energy of ~933.4 eV in the Cu 2p;,, photoelectron
spectra corresponding to Cu®** was observed for all three
samples. This peak was the strongest after transformation of
the microcrystals in the dark (Figure 3a). The contribution
from Cu®" also increased when the microcrystals were
immersed in S M NaOH in the dark without an applied bias
(Figure S10). XPS in the binding energy region for O 1s
electrons shows contributions from both oxygen in the Cu,0O
microcrystals and surface-adsorbed oxygen species both before
and after the applied bias (Figure S12).

8002

Cu*/Cu®

]

Initial Cu,0
—-1.0V, dark
N\ ——-1.0V, light

Intensity (a.u.)

936 934 932 930

928
Binding energy (eV)
[b] Initial Cu,0 cut
——-1.0V, dark Cu®

——-1.0V, light

Intensity (a.u.)

910 915 920 925

Kinetic energy (eV)

905

Figure 3. (a) XPS showing the binding energy region for Cu 2p;,,
electrons. (b) Auger spectra in the region for Cu LMM electrons. In
both panels, the blue trace (top) shows the initial Cu,O microcrystals
electrodeposited on a Au substrate, the black trace (middle) shows
the Cu,O microcrystals after S min while the electrode was held at a
constant potential of E = —1.0 V vs Ag/AgCl in 5 M NaOH in the
dark, and the red trace (bottom) shows Cu,O microcrystals after S
min of illumination with an ELH lamp while the electrode was held at
the same potential in S M NaOH. Dashed lines show deconvolution
of the peaks as described in the text. The vertical lines indicate the
expected energies for Cu in the 0, +1, and +2 oxidation states based
on previous assignments.”*° Peaks at 913 and 921 €V in the Auger
spectra have been observed previously for Cu,O but have not been
assigned to a particular oxidation state.>*

Figure 4 shows the evolution of the microcrystals under
illumination as a function of time while the substrate was held
at E=—1.0 Vvs Ag/AgCl in 5 M NaOH. In the first minute of
the reaction Cu nanoparticles grow on the {100} facets of the
Cu,O microcrystals (Figure 4a). At longer deposition times the
Cu nanoparticles grow and merge into polycrystalline layers
covering the {100} facets. The Cu layers formed on different
{100} facets connect at the vertices of each cuboctahedral
microcrystal (Figure 4b). After 2.5 min the Cu,O surfaces
exposed at {111} facets have begun to etch in the NaOH
solution (Figure 4c). The Cu shell is resistant to etching while
the interiors of the Cu,O microcrystals are hollowed out
through further etching at the {111} facets (Figure 4d).

The Cu,O microcrystals are oxidatively etched by the
combination of OH™ ions and O, in the electrolyte solution.
CV scans of the used NaOH solution showed the presence of
Cu* in solution after the transformation as a result of this
etching (Figure S13). However, adding Cu(NO;), intention-
ally to the deposition solution did not alter the formation of
the Cu nanoshells (Figure S14). When the NaOH concen-
tration was lowered to either 2.5 or 1 M, etching of the {111}
facets was slower, leading to thicker Cu shells and Cu,O
remaining in the interior of the particles for longer times
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Figure 4. SEM images of Cu,0O microcrystals on Au substrates after
(a) 1, (b) 2, (c) 2.5, and (d) S min of illumination with an ELH lamp
while the electrode was held at a potential of E = —1.0 V vs Ag/AgCl
in S M NaOH.

(Figures S1S and S16). The preparation of the NaOH solution
and the transformation of the microcrystals were both typically
performed in air. Some hollow nanoshells were still observed
under illumination at —1.0 V vs Ag/AgCl when the NaOH
solution was purged with argon (Figure S17). However, both
the nanoshell formation and etching of the {111} facets were
less uniform, indicating that dissolved O, is involved in the
transformation.

Selective deposition of Cu on {100} facets and etching of
the {111} facets occur even when the ratio of these two
surfaces is changed. Figure 5 shows SEM images of truncated
cubic Cu,0O microcrystals with predominantly {100} facets
(Figure 5a), cuboctahedral microcrystals with mixed {100} and
{111} facets (Figure Sb), and octahedral microcrystals with
predominantly {111} facets (Figure Sc). After the cubic
microcrystals were held at —1.0 V vs Ag/AgCl for 5 min under
illumination, Cu shells have covered the majority of the surface
of the microcrystals. However, the truncated corners
corresponding to {111} facets have been etched. Under the
same conditions, octahedral microcrystals are converted into
hollow frames where Cu has grown on the edges and corners
of the original microcrystals.

The hollow nanoshell morphology for particles shown in
Figures 1, 4, and S is only formed when the applied potential is
sufficiently negative. In the absence of an applied potential and
at more positive potentials, the {100} facets are selectively
etched under illumination. Figure S20 shows selective etching
of {100} facets for both electrodeposited and colloidally
synthesized Cu,O microcrystals when illuminated in S M
NaOH in the absence of an applied bias for 3 and 10 min,
respectively. Without either light or an applied bias (ie., just
immersing the microcrystals in S M NaOH), etching of the
{100} facets was still observed at longer times (20 min),
although the etching was not as uniform (Figure S19). Figure 6
shows SEM images of Cu,O microcrystals after being held for
S min at a series of different potentials under illumination with
an ELH lamp in a solution of 5 M NaOH. At a potential of E =
—0.4 V vs Ag/AgCl, the {100} facets were selectively etched
while no obvious deposition of Cu was observed (Figure 6a).
At an applied potential of E = —0.5 V vs Ag/AgCl, the {100}
facets were still etched, and large Cu particles were deposited
nonselectively on the microcrystals (Figure 6b). Figure 6¢
shows that as the applied potential was made more negative (E
= —0.8 V vs Ag/AgCl), a Cu shell formed selectively on the
{100} facets of the microcrystals. However, the Cu coating

1 um -

Figure S. Facet dependence of the photoinduced transformation of Cu,O microcrystals. (a—c) SEM images of the initial Cu,O microcrystals with
(a) truncated cubic, (b) cuboctahedral, and (c) octahedral morphologies. (d—f) Hollow Cu nanoshells grown from Cu,O microcrystals with (d)
truncated cubsic, (e) cuboctahedral, and (f) octahedral morphologies after S min of illumination with an ELH lamp while the electrode was held at a

constant potential of E = —1.0 V vs Ag/AgCl in S M NaOH.
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Figure 6. SEM images of Cu,O microcrystals after being held for 5
min under illumination with an ELH lamp in a solution of 5 M NaOH
at potentials of (a) —0.4V, (b) —0.5V, (c) —0.8 V, and (d) —1.0 Vvs
Ag/AgCl

formed at —0.8 V was not as uniform as when a potential of E
—1.0 V vs Ag/AgCl was used (Figure 6d).

The currents both in the dark and under illumination are
shown at different applied potentials in Figure 7. Spikes in the
current were observed when the illumination was turned on
and off, which have been Previously observed for Cu,O
microcrystal photoelectrodes® as well as for TiO,-based, dye-
sensitized photoelectrochemical cells.”*™>* Mallouk and co-
workers attributed the current spikes to the redistribution of
charge carriers among trap states with different energies, while
the slower change in current was assigned to surface
processes.58 As we are primarily interested in surface processes
(ie., surface reduction of copper ions and oxidation of Cu,0),
we focus on the changes in current following the initial spikes.
Furthermore, regions of the Au electrode are still exposed after
growth of the Cu,O microcrystals, and the reduction of O, on
the Au substrate leads to a small cathodic background current
(see Figure S1). However, as this background current does not
change under illumination, we ascribe the changes in current
when the electrode is illuminated to result from photo-
excitation of the Cu,O semiconductor microcrystals.

The open-circuit potential for the initial Cu,O microcrystals
in S M NaOH is —0.37 V vs Ag/AgCl. At potentials more
positive than open circuit (e.g,, E = —0.3 V vs Ag/AgCl), the
current is anodic (oxidative) in the dark, and the steady-state
anodic current (i.e., following the initial spike) is enhanced
under illumination (Figure 7a). At potentials more negative
than the open-circuit potential, the dark current is negative due
to reduction of Cu,O to Cu (Figure S2). Just as Figure 6b
shows photoetching of {100} facets along with nonselective
deposition of Cu at E = —0.5 V vs Ag/AgCl, the current trace
at this potential (Figure 7b) shows a slightly cathodic
(reductive) current in the dark that becomes anodic under
illumination. Similar changes in the current were observed at E

8004

—0.4 V vs Ag/AgCl. Choi and co-workers also reported
similar changes in current for electrodeposited Cu,O micro-
crystals where the current was cathodic in the dark and became
anodic under illumination over this potential range.”" At more
negative potentials of E = —0.8 and —1.0 V vs Ag/AgCl, the
current is cathodic in the dark, and the steady-state current
becomes more negative under illumination (Figure 7c,d).
Figure S21 provides the changes in current under illumination
at applied potentials of —0.55, —0.60, —0.65, and —0.70 V vs
Ag/AgCl. The crossover between when illumination makes the
current more positive and when illumination makes the current
more negative occurs between —0.60 and —0.65 V vs Ag/AgCl

B DISCUSSION

Compositional Changes in Cu,0 Microcrystals. The
following half-reactions control the oxidation and reduction of
Cu,O:

Cu,O0 + H,0 + 2e” & 2Cu + 20H™ (1)
2CuO + H,0 + 2¢” & Cu,0 + 20H™ (2)

The potentials for both of these reactions are pH-dependent.>”
For the S M NaOH solution used in these experiments (pH =
14.7), the electrode potentials for these half-reactions are —0.6
V vs Ag/AgCl for reaction 1 and —0.4 V vs Ag/AgCl for
reaction 2. Based on the Pourbaix diagram for Cu, ? CuO will
dissolve in S M NaOH (pH = 14.7) via the following reaction:

()

Based on XPS, both surface oxidation and reduction of the
Cu,O microcrystals occur when the microcrystals are
immersed in S M NaOH (Figure 3, Figures S10 and S11).
As shown in Figure 7, these processes are both enhanced under
illumination but at different potential windows. At more
positive potentials, illumination produces an anodic current,
while illumination enhances the cathodic current at more
negative potentials. The absorption of photons with energies
above the band gap of Cu,O creates photoexcited electron—
hole pairs. Photogenerated electrons in the conduction band
can reduce Cu,O either directly via reaction 1 or through the
redeposition of copper ions that have dissolved in the NaOH
solution. Two observations suggest the direct reduction of
Cu,O occurs at the surface of the microcrystals: (1) Cu
deposition was not found on the exposed regions of the Au
substrate as measured by energy dispersive spectroscopy. (2)
As noted above, adding Cu(NO;), to the deposition solution
does not alter the formation of the hollow Cu nanoshells
(Figure S14). Photogenerated holes in the valence band can
oxidize Cu,O via reaction 2, leading to the dissolution of
[Cu(OH),]*” ions via reaction 3. As described in the next
section, the initial electrochemical potential of the Cu,O
microcrystals in combination with the applied potential
controls whether electrons or holes are driven to the
semiconductor/liquid interface. Even though the measured
current is cathodic at potentials of —0.8 and —1.0 V vs Ag/
AgCl (Figure 7c,d), etching of the {111} facets still occurs as
shown in Figure 6¢,d. In these cases, oxygen can serve as the
oxidant to etch the microcrystals via the following
reactions:***”

CuO + H,0 + 20H™ — [Cu(OH),]*~

1 _
2Cu,0 + 502 + 3H,0 + 20H™ — 4Cu(OH), @
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Figure 7. Current vs time traces for Cu,O microcrystals while the illumination from an ELH lamp was switched on and off at applied potentials of
() E=—-03V,(b) E=—0.5V, (c) E=—0.8V, and (d) E=—1.0 V vs Ag/AgCl in S M NaOH. The dashed red and blue lines show examples of

when the lamp was turned on and off; respectively.

Cu(OH), + 20H™ — [Cu(OH),]*~ (5)

Correspondingly, we observed slower etching of the {111}
facets at —1.0 V vs Ag/AgCl when the concentration of NaOH
was decreased to 2.5 or 1 M (Figures S15 and S16).
Energetics of the Semiconductor/Liquid Interface.
Figure 8a shows the alignment of the electronic band edge
potentials for Cu,O with the electrode potentials for reactions
1 and 2 that control the reduction and oxidation of Cu,O (the
energies of the conduction and valence band edges are divided
by the charge of an electron to convert them to potentials).
This alignment is based on a previous report by Kelly and co-
workers for electrodeposited Cu,O films.”” As has been
previously demonstrated for metal oxide semiconductors, we
also assume that both the conduction and valence band levels
of Cu,0 move 59 mV per pH unit.”"*> Thus, the relative
differences between the electrode potentials in reactions 1 and
2 and the band edge positions of Cu,O do not change with
pH. We performed electrochemical impedance spectroscopy
(EIS) to measure the flat-band potential of the semiconductor
microcrystals and determine the initial position of the Fermi
level for Cu,O before contact with the solution. Mott—
Schottky plots (1/C* vs applied potential where C is the space-
charge capacitance measured from EIS) at different frequencies
are provided in Figure S22. The x-intercepts for these plots
give the flat-band potential, which has a value between —0.60
and —0.65 V vs Ag/AgCl for frequencies ranging from 5 to 75
kHz. The average value of —0.63 V vs Ag/AgCl indicates that
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our Cu,O microcrystals are slightly n-type with the Fermi level
closer to the conduction band edge (Figure 8a). While Cu,O is
often p-type due to the presence of native copper ion
vacancies, dendritic Cu,O films electrodeposited under similar
conditions to our samples were also found to be n-type with a
flat-band potential of —0.78 V vs Ag/AgCL>" Our measured
value of the flat-band potential also agrees with the
photocurrent measurements shown in Figure S21 where
there is a crossover between illumination making the current
more positive and it making the current more negative in
between —0.60 and —0.65 V vs Ag/AgCl.

As the initial Fermi level position for Cu,O is more negative
(i-e., closer to the vacuum level) than the electrode potential
for either redox couple, upward bending of the conduction and
valence bands occurs at open circuit (Figure 8b). Thus, in the
absence of an applied potential photogenerated hole carriers
will be driven to the semiconductor/liquid interface leading to
oxidative etching of the microcrystals as observed in Figures
S18 and S20. As the applied potential is made more negative,
the degree of band bending will decrease (Figure 8c). Under
these conditions, the dark current will be cathodic as observed
in Figure 7b. However, under illumination photogenerated
holes will still be driven to the semiconductor/liquid interface,
leading to an anodic photocurrent contribution (i.e., oxidation
of Cu*) as seen in Figure 7b and enhanced etching of the
microcrystals as observed in Figure 6a,b. Once the applied
potential is more negative than the flat-band potential, the
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Figure 8. Energy level diagrams showing band bending at the semiconductor/liquid interface at different applied potentials. (a) Alignment of the
conduction and valence bands of Cu,O with the electrode potentials that control the oxidation and reduction of Cu,O. (b) Equilibration of the
Fermi level of Cu,O with either redox couple leads to upward band bending of the conduction and valence bands at the semiconductor/liquid
interface such that photogenerated holes in the valence band of Cu,O will migrate to the surface. (c) A negative bias will reduce the degree of band
bending and (d) lead to downward band bending at a bias greater than the flat-band potential such that photogenerated electrons in the conduction
band will migrate to the surface. (e) Summary of the dark current (ig) and photocurrent (iPh) contributions at different potential windows. V¢ =
the open-circuit potential, and Vi = the flat-band potential. All potential values are referenced to Ag/AgCL

band bending in Cu,O reverses such that holes are depleted at
the semiconductor/liquid interface. Thus, at more negative
potentials (E = —0.8 and —1.0 V vs Ag/AgCl), photogenerated
electrons are driven to the surface, leading to the observed
cathodic current that is enhanced under illumination (Figure
7¢,d). Correspondingly, at these potentials the reduction of
copper ions leads to formation of the Cu shell as observed in
Figure 6¢,d, while etching at {111} facets occurs via reactions 4
and S (using O, as the oxidant rather than photogenerated
holes). Once Cu metal has grown on the {111} facets, further
extraction of photogenerated charges will be controlled by the
energetics of the Cu,O/Cu interface. Based on the work
function of polycrystalline Cu near 4.5 eV vs vacuum (giving a
potential of —0.2 V vs Ag/AgCl),”> photogenerated electrons
will still be driven to the surface of the microcrystals over the
potential range in which we observe growth of the Cu
nanoshells.

Figure 8e summarizes the expected currents in the dark and
under illumination at different potential windows based on the
model described above. This model matches the observed
photocurrents shown in Figure 7 and Figure S21. At a bias that
is more positive than the open-circuit potential the dark
current is anodic. At a bias that is in between the open-circuit
and flat-band potentials, the dark current is cathodic,
corresponding to reduction of the Cu,O microcrystals.
However, under illumination the combination of photo-
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generated holes and surface-adsorbed hydroxide ions leads to
oxidative etching of the {100} facets via reactions 2 and 3. At
potentials more negative than the flat-band potential,
illumination drives electrons to the surface to reduce Cu'
ions at {100} facets according to reaction 1. Changes in the
surface area of the Cu,O microcrystals during the trans-
formation as well as dopant density (as Cu’ is an n-type dopant
in Cu,0) will also affect the resulting current density.
However, it is difficult to disentangle the relative contributions
of these simultaneous changes as both the dopant density and
electrochemical surface area appear in the denominator of the
Mott—Schottky equation used to determine the flat-band
potential.

Facet Selectivity of Photoelectrochemical Reactions
on Cu,0. The schematic in Figure 8 does not include the
effect of surface structure on the degree of band bending at the
semiconductor/liquid interface. Different structures for {100}
and {111} facets interfaced with vacuum have been
determined by using density functional theory.*>%*"%%
Generally, the {100} surface is terminated with coordinatively
unsaturated oxygen while the {111} surface contains both
coordinatively unsaturated Cu and O atoms. These different
surface terminations affect the electric dipole at the semi-
conductor/liquid interface and lead to different degrees of

band bending.66

DOI: 10.1021/acs.chemmater.9b02240
Chem. Mater. 2019, 31, 8000—8011


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02240/suppl_file/cm9b02240_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b02240

Chemistry of Materials

We attribute the light-driven growth of a Cu shell on the
{100} facets at more negative potentials (Figure 7¢,d) to the
selective extraction of photogenerated electrons from these
surfaces. Facet-selective extraction of photogenerated charge
carriers has been observed in other semiconductor micro-
crystals including BiVO, and TiO,.*”~® While there is some
debate in the current literature,””* several reports have used
DFT calculations to show that the potential of the valence
band for the {100} surface of Cu,O is more positive (further
from the vacuum level) compared to the {111} surface,
creating a potential barrier for photogenerated holes.”**> This
hole-blocking layer will lead to selective extraction of
photogenerated electrons from {100} facets. As discussed
further below, both experiment and theory indicate that O,
and OH™ bind more strongly to the {100} facets of Cu,O.
However, once the Cu layer has formed on the {100} facets,
they are protected from chemical etching, while the exposed
{111} facets under these conditions are slowly etched via
reactions 4 and 3.

Oxidative photoetching of the Cu,O {100} facets via
reactions 2 and 3 as observed in Figure 6 at applied potentials
more positive than the flat-band potential requires both
photogenerated holes at the surface and the adsorption of
hydroxide anions. Note that these surface reactions do not
involve O, like the oxidative etching of {111} facets observed
at more negative potentials via reactions 4 and 5. Thus, while
the exclusion of O, by purging the solution with Ar did inhibit
growth of the hollow nanoshells at —1.0 V vs Ag/AgCl (Figure
S17), it did not have a noticeable effect on the selective
photoetching of {100} facets in the absence of an applied
potential (Figures S18). The light-driven etching of {100}
facets at more positive potentials (Figure 6a,b) could arise
from the selective extraction of photogenerated holes from the
{100} facets. This mechanism would require a potential-
dependent change in the relative positions of the electronic
energy levels for the {100} and {111} facets such that holes are
selectively extracted from {100} facets at more positive
potentials, while electrons are selectively extracted from
{100} facets at more negative potentials. The applied potential
would control restructuring of the {100} and {111} facets and
change the relative degree of band bending at the semi-
conductor/liquid interface. Restructuring of copper and copper
oxide surfaces under an applied potential has been observed by
scanning tunneling microscopy.”’~’> This mechanism could
explain debate in the literature as to whether {100} facets
provide a potential barrier for electrons or holes.”” > The
potential-dependent surface structure of the {100} and {111}
facets would determine which carrier is preferentially extracted
from which facet.

While we cannot rule out the mechanism above, we propose
the facet-selective etching of {100} facets is due to selective
adsorption of hydroxide ions on the {100} facets. The
adsorption of OH™ is needed in the oxidative dissolution of
Cu,0 to [Cu(OH),]*". Both X-ray photoelectron spectrosco-
py and DFT calculations on single crystal Cu,O surfaces
indicate that H,O and OH™ as well as other oxygen-containing
species including O,, CO,, and glucose bind more strong} to
the Cu,O {100} surface than the {111} surface’***"*~77
Structures similar to those observed in Figure 6 and Figure S20
(with the {100} facets etched) have been observed through
oxidative etching in the dark.’>**”® We also observed slow
etching of the {100} facets when the microcrystals were
immersed in NaOH in the dark (see Figure S19), but the
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process was significantly slower compared to when the
microcrystals were illuminated.

B CONCLUSIONS

Hollow Cu nanoshells and Cu,O/Cu core/shell heterostruc-
tures have been synthesized through the transformation of
faceted Cu,O microcrystals using illumination and an applied
bias. Light mediates the deposition of copper metal on the
{100} facets due to selective extraction of photogenerated
electrons from these surfaces. This process only occurs when
the applied potential is sufficiently negative to produce
downward band bending at the semiconductor/liquid inter-
face. The formation of the hollow structures can be controlled
by tuning the reaction time, intensity and wavelength of the
incident light, and the electrolyte concentration. While the
focus of this work was the growth mechanism of these novel
structures, hollow metal nanoshells have applications in
electrocatalysis’”*" and in chemical sensing via surface-
enhanced Raman scattering.”"*

B EXPERIMENTAL SECTION

Materials. All chemicals were used as received. Copper nitrate
trihydrate (Cu(NO;),-3H,0, >99%), copper sulfate pentahydrate
(CuS0,-SH,0, >98%), sodium hydroxide (NaOH, >97%), sodium
citrate tribasic dihydrate (>99%), sodium carbonate (Na,CO;,
>99.95%), sodium dodecyl sulfate (SDS, >99%), nitric acid
(HNO;, >97%), sodium chloride (NaCl, >99%), ethylenediamine,
and polyvinylpyrrolidone (PVP) with an average molecular weight of
40000 were purchased from Sigma-Aldrich. Ethanol (200 proof,
100%) was purchased from Fisher Scientific. p-(+)-glucose (>99%),
platinum gauze (Pt, 100 mesh, 99.9% metals basis), and Pt wire (0.5
mm diameter, 99.95% metals basis) were purchased from Alfa Aesar.
Chrome-plated tungsten rods and gold pellets (99.999%) for metal
evaporation were purchased from Kurt J. Lesker. All aqueous
solutions were made by using purified water from a GenPure Pro
water purification system with at least 17.30 MQ-cm resistivity.

Preparation of Electrodes. The counter electrode consisted of
Pt gauze attached to a Pt wire. The Pt wire was soldered to a Sn—Cu
wire, and the soldered joint was sealed in a glass tube. For the working
electrodes, 100 A of chromium followed by S00 A of gold was
deposited onto glass slides by using an Edwards Auto 306 thermal
evaporator with a base pressure below 10~ Torr. Each working
electrode was rinsed with purified water and then dried with nitrogen
gas before use. A silver/silver chloride (Ag/AgCl) electrode in 3 M
NaCl was used as the reference electrode.

Electrodeposition of Cuprous Oxide (Cu,0) Microcrystals.
Cu,O microcrystals were electrodeposited from an aqueous solution
of 0.02 M Cu(NO;), based on a previous report with some
modifications.”® SDS and NaCl were added to the solution in some
cases to control the morphology of the microcrystals (see Table S1).
Before electrodeposition, the pH of the solution was adjusted to 4.1
through the dropwise addition of 0.1 M HNO;. If the solution
contained SDS, the pH was adjusted before SDS was added because
the surfactant prevented a reliable pH reading.

A custom electrochemical cell was used for all electrodeposition
experiments. The cell was made from borosilicate glass with openings
at the top for the electrodes and a flat window on the side for
illumination (used only in the photoinduced transformations
described below). The electrochemical cell was partially immersed
in a water bath set on a hot plate. A temperature probe was inserted
into the electrochemical cell to control the temperature. The
electrolyte solution was heated and kept at 60 °C during the
electrodeposition of all Cu,O samples.

A BioLogic VSP-300 potentiostat/galvanostat was used to perform
all electrochemical and photoelectrochemical experiments. To grow
different shapes of Cu,O microcrystals, the deposition solution
contained 0.17 M SDS and 0.005 M NaCl in some cases (see Table
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S1). Either a constant current or a pulsed current was used to
electrodeposit the microcrystals. A photo scanner was used to scan
images of the working electrodes, and their areas were measured by
using Image]J software. Table S1 provides the current waveform used
for each sample and the total deposition time.

Synthesis of Colloidal Cu,0 Microcrystals. The colloidal Cu,O
microcrystals shown in Figures S19 and S20 were synthesized by
using a previously reported procedure.*’ First, an aqueous solution
was made by mixing 17 mL of water, 1 mL of 0.68 M CuSOy, and 1.2
g of PVP (M, = 40000) in a round-bottom flask. The solution was
stirred by using a magnetic stir bar for 15—20 min, and then 1 mL of
an aqueous solution containing 0.74 M sodium citrate and 1.2 M
Na,COj; solution was added dropwise to the CuSO, solution. Upon
this addition, the solution began to turn dark blue. After 10 min, 1 mL
of an aqueous solution containing 1.4 M glucose was added dropwise
to the CuSO, solution. The solution was kept in a water bath at 80 °C
for 2 h and then cooled to room temperature. The brick-red
precipitate was collected by centrifuging the mixture at 8000 rpm for
4 min. The supernatant was removed, and 10 mL of purified water
was added to the precipitate. The process of centrifugation, removal
of the supernatant, and redispersion in fresh solvent was repeated two
more times. For the last two cycles, 10 mL of ethanol was used instead
of water. The final dispersion in ethanol was transferred to a glass vial
for further use. For the photoinduced transformations described
below, the colloidal Cu,O microcrystals were first sonicated to
redisperse them into solution. A drop of this suspension was then
diluted with 2 mL of ethanol and drop-cast onto a Si(111) substrate.

Photoinduced Transformation of Cu,O Microcrystals. A
broadband, ELH-type light bulb was used as the illumination source
for most experiments. The irradiance was measured by using a
calibrated Si photodiode from ThorLabs (FDS-100 CAL). Before the
transformation the photodiode was placed at the same location in the
electrochemical cell as the working electrode (facing the optical
window of the electrochemical cell), and the current was measured
under illumination with the ELH lamp. A typical current reading was
0.02 A, which based on the wavelength-dependent responsivity and
active area (3.6 X 3.6 mm®) of the photodiode gives an irradiance of
567 mW/cm? High-power, light-emitting diodes (LEDs) with peak
wavelengths of 455 and 625 nm and full widths at half-maxima of ~30
nm were used in some experiments instead of the ELH lamp (see
Table S2). Similar to the electrodeposition of the Cu,O microcrystals,
Pt gauze was used as the counter electrode and Ag/AgCl was used as
the reference electrode. The electrodeposited Cu,O microcrystals on
Au substrates were used as the working electrode and immersed in a
solution of NaOH (typically S M). The applied potential used to form
the hollow Cu shells was typically —1.0 V vs Ag/AgCl. The times held
at this potential under illumination for different samples are provided
in Table S2. Other applied potentials and concentrations of NaOH
were used for some samples. The parameters used to prepare different
samples are provided in Table S2. In some cases, no bias was applied
(labeled as open circuit in Table S2).

Characterization. Cyclic voltammetry (CV) was performed to
characterize the potentials for different redox reactions to occur on
the Au substrate and Cu,O microcrystals. All CV scans started at open
circuit. For each scan, the potential was first swept in the positive
direction to +0.2 V vs Ag/AgCl, then swept in the negative direction
to —1.2 V, and finally swept back to +0.2 V. The scan rate was 20
mV/s, and two consecutive CV scans were performed for each
electrode. In some cases, the solution was purged with argon for 30
min. Otherwise, the electrochemical cell was left open to air.

Electrochemical impedance spectroscopy (EIS) was performed to
determine the flat-band potential of the as-synthesized Cu,O
microcrystals on Au substrates in a solution of 0.1 M NaOH. The
frequencies scanned were S to 75 kHz. The ac potential oscillation
was 10 mV, and the dc potential range was —0.2 to —0.6 V vs Ag/
AgCl. A circuit consisting of two resistors (R, and R), a capacitor
(C,), and a restricted diffusion element (M,): [R; + C,/(R, + M,)]
was used to model the electrochemical cell based on fits to Nyquist
plots at different applied potentials. Mott—Schottky plots (1/C,> vs
the applied potential where C, is the space-charge capacitance) were
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extracted from EIS data. The x-intercepts determined from linear fits
to these plots give the flat-band potential, which varied from —0.60 to
—0.65 V vs Ag/AgCl for different frequencies (see Table S3).

Scanning electron microscopy (SEM) images were collected by
using a JEOL 7001LVF field emission scanning electron microscope
operated at an acceleration voltage of 15 kV. After electrodeposition,
the working electrode was cut to approximately 1 X 1 cm” pieces, and
the conductive top surface of the substrate was connected with copper
tape to the SEM sample holder to avoid charge buildup. The SEM
was equipped with an Oxford Aztec live x-max energy dispersive X-ray
spectroscopy (EDXS) system, and EDXS spectra were collected at an
acceleration voltage of 15 kV.

X-ray diffraction (XRD) patterns were collected by using a Bruker
D8 Advance X-ray diffractometer (Cu Ka = 0.15418 nm). The step
size for the XRD measurements was 0.02° in 26, and the scan rate was
0.5 s per step. To prepare samples for XRD, the working electrode
was cut to approximately 1 X 1 cm?* pieces and placed onto a zero-
background, silicon diffraction plate (MTI Corporation).

X-ray photoelectron spectroscopy (XPS) was performed by using a
Physical Electronics 5000 VersaProbe II Scanning ESCA (XPS)
Microprobe system with a base pressure below 1 X 107 Torr. XPS
data were acquired by using the 1486.6 eV line from a
monochromated Al Ka source at 150 W with a multichannel detector
set to a pass energy of 23.5 eV for the high-resolution scans. The peak
fitting was processed by using XPSPEAK software with a Shirley
background. The kinetic energies of the Auger spectra were calculated
by subtracting the binding energies from the X-ray source energy
(1486.6 V). The assignments of peaks in the photoelectron spectra
of copper and oxygen and the Auger spectra of copper were based on
previous literature,”®>*>>%*

Absorption spectra of solid samples were acquired by diffuse
reflectance by using a Cary 5000 spectrometer equipped with a 150
mm integrating sphere. A PMT detector was used for ultraviolet (UV)
and visible wavelengths (250—800 nm), and a lead sulfide detector
was used for near-infrared (NIR) wavelengths (800—1200 nm). A
tungsten halogen lamp was used as the source for visible and NIR
wavelengths (350—1200 nm), and a deuterium lamp was used for the
UV region (250—350 nm). The scan rate for each measurement was
600 nm/min, and the step size was 1.0 nm. The absorbance spectrum
of a bare Au film was subtracted from the sample spectra of the Cu,O
microcrystals electrodeposited on Au. The absorption spectra of
solutions of Cu(NOs;), and NaOH were measured with a Cary 60
spectrometer.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.9b02240.

Supporting tables providing the conditions used to
prepare different samples of the Cu,O microcrystals and
hollow Cu nanoshells, cyclic voltammograms of the Au
substrates and Cu,O microcrystals, current traces during
the transformation of Cu,O microcrystals in the dark
and under illumination, SEM images of Cu,O micro-
crystals transformed in the dark at higher current
densities, absorption spectrum of Cu,O microcrystals,
SEM images of Cu,O microcrystals transformed under
different light intensities and wavelengths, additional
XRD patterns and XPS of Cu,O microcrystals trans-
formed under different potentials and illumination
conditions, cyclic voltammogram and absorption spec-
trum of the NaOH solution used to transform the Cu,O
microcrystals, SEM images of Cu,O microcrystals
transformed with Cu(NO;), added to the electrolyte
solution, SEM images and XRD pattern of Cu,O
microcrystals transformed using lower concentrations

DOI: 10.1021/acs.chemmater.9b02240
Chem. Mater. 2019, 31, 8000—8011


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02240/suppl_file/cm9b02240_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02240/suppl_file/cm9b02240_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02240/suppl_file/cm9b02240_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02240/suppl_file/cm9b02240_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02240/suppl_file/cm9b02240_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02240/suppl_file/cm9b02240_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02240/suppl_file/cm9b02240_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b02240/suppl_file/cm9b02240_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.9b02240
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.9b02240
http://dx.doi.org/10.1021/acs.chemmater.9b02240

Chemistry of Materials

of NaOH, SEM images of Cu,O microcrystals trans-
formed using solutions purged with Ar and O,, SEM
images of Cu,O microcrystals etched in NaOH in the
dark, SEM images of Cu,O microcrystals transformed
without an applied bias, photocurrent traces for Cu,O
microcrystals at different applied potentials, Mott—
Schottky plots at different frequencies, supporting table
of flat-band potentials measured at different frequencies
(PDF)
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