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ABSTRACT: We report the light-induced modification of catalytic selectivity for
photoelectrochemical CO2 reduction in aqueous media using copper (Cu)
nanoparticles dispersed onto p-type nickel oxide (p-NiO) photocathodes. Optical
excitation of Cu nanoparticles generates hot electrons available for driving CO2
reduction on the Cu surface, while charge separation is accomplished by hot-hole
injection from the Cu nanoparticles into the underlying p-NiO support.
Photoelectrochemical studies demonstrate that optical excitation of plasmonic
Cu/p-NiO photocathodes imparts increased selectivity for CO2 reduction over
hydrogen evolution in aqueous electrolytes. Specifically, we observed that plasmon-
driven CO2 reduction increased the production of carbon monoxide and formate,
while simultaneously reducing the evolution of hydrogen. Our results demonstrate
an optical route toward steering the selectivity of artificial photosynthetic systems
with plasmon-driven photocathodes for photoelectrochemical CO2 reduction in
aqueous media.
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■ INTRODUCTION

Artificial photosynthesis seeks to mimic the catalytic machinery
of natural photosynthetic systems with inorganic materials
capable of converting carbon dioxide (CO2), water (H2O), and
sunlight into useful chemicals (e.g., ethanol, ethylene, etc.).1−6

Unfortunately, the realization of such a process is currently
hindered by catalytic challenges associated with selective
conversion of CO2 into desired products without the
proliferation of unwanted side reactions.1−6 The complexity
of the reaction pathway, which involves multiple proton-
coupled electron transfer steps, requires a process for
preferentially activating specific chemical intermediates to
reliably and selectively produce a single product of interest.1−6

The ongoing search for selectivity has inspired numerous
strategies to improve the preferential conversion of CO2 into
desired products, including nanostructuring of the electro-
catalyst,7−9 elemental alloying,10,11 engineering of the exposed
catalytic surface facets12−15 or grain boundaries,16−18 manip-
ulating the local solution pH,19−21 judicious choice of chemical
additives to the electrolyte itself,22,23 or the use of ionic liquids
to limit the availability of protons.24,25

Despite numerous examples of improved catalyst selectivity
via the aforementioned approaches, to date, the use of light as
a tool for guiding the selectivity of CO2 reduction has received
considerably less attention.26−33 Given that the most

commonly used metals for electrocatalytic CO2 reduction,
namely, Ag, Au, and Cu, all support surface plasmon
excitations, nanostructured metal catalysts offer new oppor-
tunities for exploiting their unique optical properties to shape
the selectivity of chemical reactions.26,34−39 In particular, the
plasmon-driven production of energetic “hot” carriers on metal
nanostructures has shown great promise for photocataly-
sis,34−39 but the prompt decay (t ∼ 1 ps) of hot carriers into
phonon modes of the metal nanocrystal requires a strategy for
quickly separating hot electron−hole pairs on an ultrafast time
scale.38,39 To that end, numerous studies have established the
benefits of forming an interfacial Schottky barrier between a
plasmonic metal and a wide band gap n-type semiconductor
(e.g., Au/TiO2) for separating hot carriers across the metal−
semiconductor heterojunction.40−49 Providing a channel for
collecting hot electrons within the conduction band of the n-
type semiconductor support effectively limits recombination
processes and extends the lifetime of the charge-separated state
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to allow photochemistry to proceed.47−49 However, to
promote plasmon-driven CO2 reduction directly on the
metal surface requires quickly extracting hot holes from
below the metal Fermi level with a wide band gap p-type
semiconductor so that hot electrons can accumulate on the
metal and initiate reduction reactions with adsorbed molecules.
The ability to quickly collect hot holes from metal
nanostructures via charge transfer to the support also obviates
the need for sacrificial reagents commonly used in plasmonic
photocatalysis. Indeed, we have recently demonstrated the
utility of interfacing plasmonic Au nanoparticles with p-type
GaN to enable photoelectrochemical CO2 reduction with
plasmonic Au/p-GaN photocathodes.28 Unfortunately, the
limited number of p-type semiconductors suitable for such
studies has hindered the development of plasmonic devices
capable of harvesting hot holes from metal nanostructures for
applications in photocatalysis or photodetection. Our ability to
manipulate and control hot carriers from metal nanostructures
is currently restricted by insufficient knowledge of plasmon-
induced hot holes; to date, relatively few experimental studies
have been reported.28,50−58

Here, we employ p-type nickel oxide (p-NiO) as a wide
band gap semiconductor support to harvest hot holes from
photoexcited Cu nanoparticles and enable photoelectrochem-
ical CO2 reduction with plasmonic Cu/p-NiO photocathodes
(Figure 1a). Nickel oxide is commonly used as a hole transport
material in a variety of photovoltaic and photoelectrochemical
devices due to its excellent chemical stability, high optical
transparency, and suitable p-type character.59−64 Furthermore,
because p-NiO films can be deposited by a variety of low-cost
methods, p-NiO may offer a more scalable option than p-type
GaN as a candidate wide band gap p-type semiconductor to
facilitate charge separation. In plasmonic devices, p-NiO has
previously been used to collect photogenerated hot holes from
Au nanoparticles, where an Ohmic contact is reportedly
formed at the Au/p-NiO interface.65−67 As a support for Cu
nanoparticles, the valence band position of p-NiO (ca. −5.4 eV
vs vacuum)60,63 relative to the Cu Fermi level (ca. −4.5 eV vs
vacuum)68 is anticipated to establish a modest Schottky barrier
(ΦB) at the Cu/p-NiO interface that facilitates charge
separation by selectively collecting plasmon-induced hot
holes from the metal (Figure 1b). The large band gap of p-
NiO (∼3.7 eV)63,64 ensures that any visible light incident upon
the Cu/p-NiO device is incapable of directly exciting charge
carriers within the p-NiO film, and it therefore serves solely to
collect hot holes from the Cu nanoparticles. Furthermore, the
conduction band edge of p-NiO (ca. −1.7 eV vs vacuum)60

relative to the Cu Fermi level provides rectification across the
Cu/p-NiO interface by presenting a sizable energy barrier (∼3
eV) to hot-electron transfer at the metal−semiconductor
heterojunction (Figure 1b). This plasmonic Cu/p-NiO device
structure thereby limits recombination processes by providing
a pathway for hot-hole collection within the underlying p-NiO
film while simultaneously allowing for the accumulation of hot
electrons on the Cu nanoparticles to drive CO2 reduction.
Photoelectrochemical studies of plasmonic Cu/p-NiO

photocathodes confirm that visible-light excitation of Cu
nanoparticles induces hot-hole injection to the p-NiO valence
band along with hot-electron transfer to adsorbed molecules in
the supporting electrolyte. The incidence of visible light was
found to exert a significant influence over the selectivity of Cu
nanoparticles for CO2 reduction. Specifically, we observed that
optical excitation of the Cu nanoparticles preferentially

promoted the production of both carbon monoxide (CO)
and formate (HCOO−) while simultaneously limiting the
evolution of hydrogen (H2) in aqueous electrolytes. These
results suggest that optical excitation of the metal alters the
electrochemical reaction mechanism occurring on the Cu
surface, with implications for the design of plasmonic
photocatalysts that exhibit improved selectivity for CO2
reduction. Overall, our studies demonstrate the utility of p-
type semiconductors for the development of plasmonic
photocathodes capable of artificial photosynthesis and open
new possibilities for manipulating and controlling photo-
chemistry at the nanoscale with plasmonic-metal nanostruc-
tures.

Figure 1. Plasmonic Cu/p-NiO photocathode device structure. (a)
Schematic of the Cu/p-NiO photocathode on fluorine-doped tin
oxide (FTO) glass showing the approximate dimensions of the Cu
nanoparticles (∼8 nm in diameter) and the p-NiO layer (∼60 nm
thick) on the FTO glass substrate. (b) Predicted energy level diagram
showing the relative positions of the p-NiO valence band (EVB) and
conduction band (ECB) relative to the Cu Fermi level (EF). The
difference in energy between the p-NiO valence band and the Cu
Fermi level is expected to allow the formation of an interfacial
Schottky barrier (ΦB) to hot-hole injection at the Cu/p-NiO interface
of around 1 eV. Photoexcitation of Cu nanoparticles with photon
energy (hv) below the band gap (EG) of the p-NiO support generates
hot electrons and hot holes on the Cu surface. The p-NiO support
facilitates charge separation across the metal−semiconductor interface
by allowing the collection of hot holes from the metal while also
confining the hot electrons on the Cu surface to drive CO2 reduction.
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■ RESULTS AND DISCUSSION

The p-NiO film was deposited onto fluorine-doped tin oxide
(FTO) glass substrates via electron-beam physical vapor
deposition of a metallic Ni target under flowing O2 gas,
followed by a brief heat treatment at 300 °C in ambient air to
yield the desired p-type NiO phase (see Methods and Figure
S1 in the Supporting Information). Mott−Schottky analysis of
the p-NiO film confirms that they exhibit p-type conductivity
with a flat-band potential (Efb) of around 0.75 VRHE (V vs
RHE) and a carrier density of around 2 × 1019 cm−3 (Figure
S1c). We note that these material properties of the as-
synthesized p-NiO films are consistent with previous
reports.61,63 The Cu nanoparticles were subsequently formed
by deposition of 3 nm of Cu directly onto the already
deposited p-NiO films. No interfacial adhesion layer was used
at the Cu/p-NiO heterojunction. Free from stabilizing
surfactants required in colloidal nanoparticle synthesis, our
approach ensures direct physical contact at the Cu/p-NiO
interface while also exposing a clean Cu surface for catalysis.
Scanning electron microscopy (SEM) imaging of the Cu/p-
NiO device shows Cu nanoparticles distributed across the p-
type NiO surface with a mean diameter d of 8 ± 2 nm (Figure
2a). Analysis of the Cu oxidation state by X-ray photoelectron

spectroscopy (XPS) indicates that the as-deposited Cu
nanoparticles oxidize to a mix of both Cu(I) and Cu(II)
oxidation states69 upon exposure to ambient air (Figure 2b).
Further inspection of the Cu LMM region, however, strongly
suggests that the oxidation state of the as-synthesized Cu
nanoparticles consists of the CuO phase (Figure S2). This
interpretation is further supported by the optical properties of
the Cu/p-NiO films, which appear dark gray in color and
display a broad peak in the visible region spanning from
around 600 to 800 nm (Figure 2c, yellow curve). This optical
response is similar to that previously observed in CuO
nanoparticles.70,71 In contrast, the bare p-NiO films are nearly
transparent across the visible spectrum (Figure 2c, blue curve)
and exhibit a wide band gap (EG) of around 3.7 eV (Figure
S1d).
Photoelectrochemical studies were performed in a three-

electrode configuration with the Cu/p-NiO photocathode as
the working electrode, a platinum wire mesh counter electrode,
and a saturated calomel electrode (SCE) as the reference
electrode. The aqueous electrolyte (50 mM K2CO3) was
sparged with CO2 gas for 30 min prior to all electrochemical
experiments, which were performed under a CO2 blanket to
prevent the ingress of atmospheric O2 into the supporting
electrolyte. All electrochemical potentials are reported with

Figure 2. Materials characterization of the plasmonic Cu/p-NiO photocathode. (a) SEM image with corresponding size-distribution histogram of
Cu nanoparticles (mean diameter, d = 8 ± 2 nm) on a 60 nm thick p-NiO film supported on FTO glass. (b) X-ray photoelectron spectroscopy
high-resolution scan of the Cu 2p region from as-synthesized Cu/p-NiO photocathodes. (c) Absorption spectra of the plasmonic Cu/p-NiO
photocathode before (yellow curve) and after (red curve) electrochemical reduction via three successive cyclic voltammetry scans. The spectrum of
the bare p-NiO film (blue curve) is also shown for comparison. (d) Cyclic voltammograms from plasmonic Cu/p-NiO photocathode (yellow to red
curves) and bare p-NiO films (blue curve) at a scan rate of 50 mV s−1. Black arrows indicate the scan direction. The reduction of Cu oxides into
metallic Cu is evidenced by the progressively smaller cathodic wave around 0.7 VRHE (yellow curve) that eventually disappears after the third
successive scan (red curve). A representative voltammogram from bare p-NiO films (blue curve) is shown for reference.
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respect to the reversible hydrogen electrode (RHE). As shown
in Figure 2d (yellow curve), cyclic voltammetry of the Cu/p-
NiO device indicates that surface oxides formed on the Cu
nanoparticles upon exposure to ambient air are successfully
reduced into metallic Cu(0) at applied potentials more negative
than 0.8 VRHE. The absence of such features from bare p-NiO
films (Figure 2d, blue curve) confirms that these cathodic and
anodic waves are attributable to the redox features of the Cu
nanoparticles. Subsequent cyclic voltammetry scans across the
potential window from 0.8 VRHE to 0.2 VRHE indicate that any
residual cupric/cuprous oxides are fully converted into metallic
Cu, as evidenced by the progressively smaller reduction wave
around 0.7 VRHE that eventually disappears upon the third
successive scan (Figure 2d, red curve). This electrochemical
observation is consistent with recent in operando spectroscopic
evidence of the electrocatalytically active phase of Cu-based
cathodes.72 We also note that a change in the optical
absorption was observed for these Cu/p-NiO films immedi-
ately after cyclic voltammetry was performed. The freshly
cycled Cu/p-NiO photocathodes exhibit a new spectral feature
located around 630 nm that we attribute to the surface
plasmon resonance of metallic Cu nanoparticles (Figure 2c,
red curve). We also observed qualitatively similar results from
electrochemical reduction of Cu nanoparticle films deposited

directly onto FTO glass substrates without the intervening
layer of p-NiO (Figure S3). Collectively, these results strongly
suggest that the oxide formed on the Cu nanoparticles upon
exposure to ambient air is successfully reduced back into the
metallic state under CO2 reduction conditions.
The current−potential (J−E) behavior of the plasmonic Cu/

p-NiO photocathode was assessed via linear sweep voltamme-
try at a scan rate of 20 mV s−1 under both dark conditions and
visible-light excitation (λ = 565 ± 52 nm fwhm) with a high-
power LED (I0 = 160 mW cm−2). As shown in Figure 3a
(dotted black curve), the Cu/p-NiO device displayed a
cathodic current (J) along the potential (E) sweep from 0
VRHE to −1.0 VRHE. The incidence of visible light (Figure 3a,
solid red curve) imparts increased cathodic photocurrent (Jph)
relative to that observed in the dark and reduces the potential
required for the onset of the Faradaic current from around
−0.4 VRHE in the dark to around −0.3 VRHE in the light (see
inset of Figure 3a). For comparison, the bare p-NiO
photocathode exhibits no change in current density under
visible-light excitation (Figure S4). Chronoamperometry J(t)
experiments demonstrate that the plasmonic Cu/p-NiO device
exhibits a prompt and reproducible cathodic photocurrent Jph
under periodic, visible-light illumination (λ = 565 ± 52 nm)
while held potentiostatically at −0.2 VRHE (Figure 3b, red

Figure 3. Photoelectrochemical characterization of plasmonic Cu/p-NiO photocathodes. (a) Linear sweep voltammetry J(E) of the plasmonic Cu/
p-NiO photocathode at a scan rate of 20 mV s−1 under dark conditions (dotted black curve) and under visible-light irradiation (λ = 565 ± 52 nm)
(solid red curve). (b) Chronoamperometry J(t) of the photocurrent (Jph = Jlight − Jdark) obtained from plasmonic Cu/p-NiO (red curve) and bare p-
NiO (blue curve) photocathodes under periodic, visible-light irradiation (λ = 565 ± 52 nm) while potentiostatically poised at an applied potential
of Eappl = −0.2 VRHE. (c) Incident photon-to-charge conversion efficiency [IPCE(λ)] of the plasmonic Cu/p-NiO (red points) and bare p-NiO
(blue points) photocathodes. The IPCE was determined by collecting the photocurrent from each device while poised at an applied potential of
Eappl = −0.2 VRHE. The IPCE error bars represent the standard deviation about the mean value, and the wavelength error bars indicate the fwhm of
the high-power LED. (d) Chronopotentiometry V(t) of the open-circuit voltage (Voc) obtained from the plasmonic Cu/p-NiO photocathode (red
curve) and the bare p-NiO cathode (blue curve) under visible-light irradiation (λ = 565 ± 52 nm).
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curve). For comparison, no visible-light response was observed
from bare p-NiO supports under otherwise identical
experimental conditions (Figure 3b, blue curve). The
plasmonic Cu/p-NiO photocathode displays a linear Jph
response with respect to the incident light power and reaches
a maximum Jph of around 5 μA cm−2 at 160 mW cm−2 (Figure
S5). A series of high-power LEDs were also used to evaluate
the incident photon-to-charge conversion efficiency [IPCE(λ)]
of the Cu/p-NiO and bare p-NiO photocathodes while held
potentiostatically at Eappl = −0.2 VRHE. The LED power was
adjusted to ensure that the same photon flux was incident on
the device at each illumination wavelength (see Methods). As
shown in Figure 3c, we observed that the IPCE(λ) of the Cu/
p-NiO device (red points) resembled the absorption spectrum
of the Cu nanoparticles (Figure 2c, red curve). The maximum
IPCE of around 1.2 × 10−4 was observed with λ = 565 ± 52
nm excitation. We emphasize that the significantly lower IPCE
observed at higher photon energies strongly suggests that the
photoelectrochemical activity of the Cu/p-NiO photocathode
cannot be attributed to excitation of any residual Cu2O or
CuO phase. No photocurrent response was observable from
the underlying p-NiO film for wavelengths longer than 505 ±
30 nm (Figure 3c, blue points). Chronopotentiometry Voc(t)
experiments were then performed to examine plasmon-driven
charge separation across the metal−semiconductor hetero-
junction.28 Hot-hole injection from photoexcited Cu nano-
particles into the p-NiO film under open-circuit conditions
leads to the accumulation of holes within the valence band of
p-NiO. This increase of positive charge causes a shift in the Voc
of the Cu/p-NiO photocathode to more positive potentials

relative to the equilibrium Voc observed under dark conditions.
Therefore, plasmon-induced hot-hole transfer across the
metal−semiconductor heterojunction can be observed by
monitoring the influence of light on the Voc of the device.
Indeed, the plasmonic Cu/p-NiO device exhibits an increase in
Voc upon exposure to visible-light irradiation and eventually
establishes a plasmonic photovoltage Vph (Vph = Voc,light −
Voc,dark) of around 15 mV (Figure 3d, red curve). No Vph
response was observed from bare p-NiO films at an incident
wavelength of 565 nm (Figure 3d, blue curve). Taken together,
these data are consistent with plasmon-induced hot-hole
injection into the p-NiO valence band along with photo-
electrochemical reduction of molecular species in the
supporting electrolyte.
The influence of plasmon excitation on the selectivity of

plasmonic Cu/p-NiO photocathodes for the CO2 reduction
reaction (CO2RR) was then studied in a two-compartment
compression cell specifically designed to enable photo-
electrochemical operation.73 Electrochemical experiments
were conducted in a three-electrode configuration with the
plasmonic Cu/p-NiO photocathode as the working electrode,
a Pt foil as the counter electrode, and a leakless Ag/AgCl
electrode as the reference electrode all immersed in a CO2-
saturated 50 mM K2CO3 supporting electrolyte (see
Methods). Photoelectrochemical collection of hot holes from
the Cu nanoparticles via the underlying p-NiO film obviates
the need for sacrificial reagents. The obtained chemical
products were evaluated under both dark and light (λ = 565
± 52 nm) conditions, while the plasmonic photocathode was
held potentiostatically at an applied potential (E) ranging from

Figure 4. Distribution of CO2 reduction products obtained from plasmonic Cu/p-NiO photocathodes as a function of the applied electrochemical
potential (E). Faradaic efficiency (a−c) and associated partial current density (d−f) for the production of (a, d) hydrogen (H2) (squares), (b, e)
carbon monoxide (CO) (circles), and (c, f) formate (HCOO−) (triangles) during controlled potential electrolysis under dark conditions (blue
symbols) and under visible-light irradiation (yellow symbols). Plasmon excitation was performed with λ = 565 ± 52 nm at an incident power of 160
mW cm−2. Data points and error bars represent the average value and standard deviation, respectively, obtained from three independent trials.
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−0.7 VRHE to −0.9 VRHE. The potential window available for
plasmon-driven CO2 reduction studies is restricted by the
limited stability of the oxide support during electrochemical
operation at applied potentials more negative than −0.9 VRHE.
The gaseous and liquid products generated in the reactor
headspace and electrolyte compartments were sampled and
analyzed via gas chromatography and high-pressure liquid
chromatography, respectively (see Methods).
As shown in Figure 4, the observed product distributions

obtained under dark electrocatalysis are dependent on the
applied electrochemical potential (E). The reported Faradaic
efficiency for each chemical product represents the average
value obtained from three independent trials, and the error
bars indicate the standard deviation. At an applied potential of
E = −0.7 VRHE, the Cu/p-NiO photocathode evolves primarily
hydrogen (H2) along with carbon monoxide (CO) and
formate (HCOO−) as minor products. At more negative
applied potentials (E = −0.9 VRHE), CO and HCOO− begin to
comprise a more significant fraction of the total Faradaic
efficiency (∼40%) under dark conditions (Figure 4b,c). We
emphasize that our cyclic voltammetry results (Figure 2d),
together with the observed changes in the optical properties of
the device (Figure 2c), indicate that the oxidation state of the
Cu nanoparticles under these applied potentials is metallic
Cu(0). This conclusion is also supported by recent in operando
spectroscopic evidence.72 Although a significant fraction of the
products evolved from the Cu/p-NiO device consist of H2
under dark conditions (Figure 4a, blue points), this product is
largely attributable to the activity of the underlying p-NiO film
that remains exposed to the electrolyte. Indeed, the bare p-
NiO substrate produces almost exclusively H2 with ∼98%
Faradaic efficiency across the entire potential window from
−0.7 VRHE to −0.9 VRHE (Figure S6). The product distribution
observed for the bare p-NiO control sample under CO2RR
conditions is consistent with a prior study of NiO-based
cathodes.62 We therefore assign nearly all CO2RR products
observed from the plasmonic Cu/p-NiO photocathodes to the
catalytic activity of the Cu nanoparticles (Figure S7). XPS
analysis of these devices after electrochemistry indicates that
the oxidation state of the Cu nanoparticles and the underlying
p-NiO film is similar to that of the as-synthesized samples,
suggesting that any changes associated with electrochemistry
are largely reversible (Figure S8).
Optical excitation of the plasmonic Cu/p-NiO photo-

cathodes with 565 ± 52 nm light from a high-power LED
(I0 = 160 mW cm−2) induces a marked change in the
distribution of chemical products compared to that observed
during dark electrocatalysis (Figure 4). Specifically, we
observed a reduction in the Faradaic efficiency for H2
evolution (Figure 4a, squares) concomitantly with an increase
in the Faradaic efficiency for both carbon monoxide (Figure
4b, circles) and formate (Figure 4c, triangles) at all applied
potentials. The biggest change in selectivity was observed at
−0.7 VRHE, where the Faradaic efficiency for H2 falls from
nearly 94% in the dark to around 58% in the light (Figure 4a).
This substantial reduction in HER activity was accompanied by
a sizable improvement in the selectivity for CO2 reduction; the
Faradaic efficiency for both CO and HCOO− increased by 3
times relative to that observed in the dark and begins to
account for nearly 50% of the total Faradaic efficiency from the
device. The partial current densities associated with the H2
evolution reaction (JHER), the production of CO (JCO), and the
production of formate (JHCOO−) are shown in Figure 4d−f,

respectively. At an applied potential of E = −0.7 VRHE, we
observed little change in JHER between dark and light
conditions (Figure 4d), but a notable increase in both JCO
and JHCOO− was observed (Figure 4e,f). As we moved to more
negative applied potentials, the proportion of JCO and JHCOO−
continued to increase along with a sizable reduction in JHER
relative to that observed during dark electrocatalysis. At the
most negative potential studied (E = −0.9 VRHE), the JHER was
reduced by nearly 33% from around 1.5 mA cm−2 in the dark
to around 1 mA cm−2 in the light, while both JCO and JHCOO−
are nearly 3 times greater than they were in the dark. Overall,
these results indicate that optical excitation of the Cu
nanoparticles increases their selectivity for the CO2RR relative
to the HER at all applied potentials. We also monitored the
electrolyte temperature via a thermocouple inserted within the
electrochemical cell, situated near the Cu/p-NiO working
electrode. Over the course of a 2 h photoelectrochemical
experiment, we observed a 4 °C increase in the solution
temperature up to around 29 °C (Figure S9). We can exclude
the possibility that increased CO2 reduction selectivity arises
solely due to plasmonic heating of the electrocatalytic surface,
as it has previously been shown that increased electrolyte
temperatures promote H2 evolution while reducing the
selectivity for CO2 reduction.73 Such heating-induced trends
in reaction selectivity are clearly opposite to those observed
here. The linear relationship observed between incident light
power and photocurrent (Figure S5) further indicates that the
improved photoelectrochemical selectivity is not associated
with a thermal process. We note that these results are
interesting in light of previous observations of plasmon-
enhanced selectivity involving gas-phase photocatalysis con-
ducted at elevated temperatures, in which the conversion of
CO2 and H2 to carbon monoxide (CO) or methane (CH4)
was enhanced with optical excitation of the plasmonic
photocatalyst.29,33

There are several possible mechanisms by which plasmon
excitation of Cu nanoparticles may alter the distribution of
CO2 reduction products obtained from the plasmonic Cu/p-
NiO photocathode. Here, we consider several distinct
plasmon-induced processes that could account for our
observed photoelectrochemical results. Photoinduced hot-
hole injection into the p-NiO valence band leads to increased
electron density on the Cu nanoparticles, which could
potentially influence the reaction mechanism in a variety of
ways. Hot electrons may be selectively injected into available
molecular orbitals of adsorbed species at the metal−electrolyte
interface. If such a process were to occur preferentially on
adsorbed CO2, hot electrons would selectively activate CO2 to
aid in formation of the CO2

− species on the Cu surface. Since
the initial reduction of adsorbed CO2 is thought to comprise
the rate-limiting step in CO2 reduction,

81 the generation of hot
electrons on the Cu nanoparticles via plasmon excitation may
help initiate the catalytic cascade on the Cu surface by
activating adsorbed CO2 molecules.
Alternatively, it is conceivable that plasmon excitation of the

Cu nanoparticles serves to reduce the evolution of H2 from the
Cu surface through a process known as desorption induced by
electronic transitions (DIET).36,37,82 In this mechanism, hot-
electron transfer to adsorbed H2 may destabilize surface bound
molecules by populating antibonding orbitals of the adsorbate
and causing the molecule to dissociate on the Cu surface prior
to being released into solution. We note that it has previously
been reported that plasmon-induced hot electrons can initiate
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photodissociation of H2 molecules on metal surfaces.74−76 As
an additional consequence of molecular H2 dissociation,
surface-bound hydrogen atoms would be available to protonate
nearby CO2

− anions and facilitate CO2 reduction. Such a
process may be responsible for the suppression of H2 observed
upon optical excitation of the plasmonic Cu/p-NiO photo-
cathode. The absence of further reduced C2 products like
ethylene, which is commonly observed in electrochemical CO2
reduction with Cu surfaces, could also be attributed to a DIET
mechanism. It is currently thought that ethylene is formed
through carbon−carbon coupling via dimerization of adsorbed
CO species.2−4 If hot-electron transfer occurs preferentially to
adsorbed CO molecules instead of H2, the DIET mechanism
could either initiate desorption of molecular CO from the Cu
surface or photodissociate CO into atomic fragments. Both
processes would effectively reduce the available pool of surface-
bound CO needed to form C2 products on the metal surface.
Finally, it is possible that plasmon-induced hot-hole

injection to the p-NiO support modifies the molecular
interactions with the Cu surface by altering the electronic
structure of the Cu nanoparticles. It is well-known that the
electronic structure of the metal d-bands plays the dominant
role in determining molecular adsorption at a metal sur-
face.77,78 Although a distribution of hot holes spanning the sp-
band down to the d-bands is created within the Cu
nanoparticles upon visble-light excitation, direct transitions
(d-band to sp-band) are the dominant mechanism for hot-hole
generation when irradiated above the interband threshold of
Cu (∼1.6−1.8 eV).79,80 Thus, optical excitation of the Cu
nanoparticles with 565 nm light (hv = 2.2 eV) preferentially
excites hot holes within the metal d-bands77,78 that can then
transfer to the underlying p-NiO film. Injection of hot holes
into the p-NiO valence band thereby alters the occupation of
states below the Cu Fermi level, which could then modify the
molecular surface interactions by tuning the extent of
hybridization between the metal d-bands and the frontier
orbitals of the adsorbate. This change in electronic structure of
the metal via plasmon-induced hot-hole transfer to the p-NiO
support offers an alternative pathway toward shaping the
selectivity of Cu nanoparticles.
As several reduction reactions are occurring simultaneously

on the plasmonic photocathode and both the Cu nanoparticles
and the underlying p-NiO film are exposed to the electrolyte,
advanced in operando spectroscopic studies are needed to
conclusively distinguish between these possible reaction
mechanisms. It is also important to recognize that the surface
coverage of adsorbed molecules, along with their associated
electronic structure, will influence the relative charge-transfer
probabilities across the metal−molecule interface. Without in
operando vibrational spectroscopy, it is difficult to know the
identity of adsorbed species or estimate their relative surface
coverage on the Cu/p-NiO surface; instead, we speculate
about the various species present based on our observed
product distribution and what is currently known about the
mechanism of electrochemical CO2 reduction. Although the
production of hydrogen (H2), carbon monoxide (CO), and
formate (HCOO−) is all thought to involve two proton-
coupled electron-transfer steps, these three products originate
from different reactive intermediates formed on the Cu surface
under reaction conditions.2−4 The mechanism of CO2
reduction to form CO or HCOO− is thought to proceed via
two distinct intermediates formed on the Cu surface during
electrochemical reduction. The evolution of CO occurs via

carbon-bound *COOH intermediates, while HCOO− produc-
tion occurs via oxygen-bound *OCHO, where * indicates the
atom bound to the surface site.4 It therefore seems unlikely
that hot-electron transfer is occurring preferentially to only one
of these intermediates formed on the Cu surface in operando,
since the Faradaic efficiencies for both CO and HCOO− were
observed to increase with light excitation. Instead, we suspect
that plasmon-induced hot electrons on the Cu nanoparticles
likely play a key role in improving the selectivity for the
CO2RR by preferentially activating CO2 to form the CO2

−

anion. Reducing the barrier for this rate-limiting step in
electrochemical CO2 reduction81 would be expected to
increase the production of both carbon monoxide and formate.
Furthermore, if a fraction of the electrochemically derived H2
molecules were photodissociated on the Cu surface by hot
electrons via DIET, the surface-bound hydrogen atoms would
be readily available for protonation of activated CO2

−

molecules. We also hypothesize that the injection of hot
holes into the p-NiO film changes the intrinsic binding affinity
of the metal surface for reactant molecules by altering the d-
band structure of the Cu nanoparticles. Collectively, these
processes could synergistically shape the selectivity of the
plasmonic Cu/p-NiO photocathode in favor of CO2 reduction
relative to the HER.
We also comment on the time scale of these potential

processes in the context of the observed photochemistry. At
present, it remains unclear if plasmon-induced hot electrons
are transferred directly to adsorbed molecules on time scales
preceding (t < 10 fs) electron−electron scattering processes (t
∼ 10−100 fs) or if charge transfer occurs after establishing an
excited-state Fermi−Dirac distribution at an elevated elec-
tronic temperature (t > 1 ps). Recent experimental
observations83−88 and theoretical investigations89,90 all suggest
that hot-carrier injection from a photoexcited metal nano-
particle to an adjacent phase may occur directly across the
metal−molecule interface on a near-instantaneous time scale (t
< 10 fs), rather than indirectly via the more traditional
mechanism involving sequential processes of hot-carrier
generation, thermalization, and transfer. Such a direct charge-
transfer mechanism could offer a plausible explanation for the
observed change in chemical selectivity via low-intensity light,
as this pathway transfers energy to adsorbed molecules prior to
hot-carrier decay pathways occurring in the metal itself. Direct
experimental verification of the mechanism is challenging due
to the ultrafast time scales (t < 10 fs) on which these charge-
transfer events would occur.87,88 Nevertheless, these initial
photoelectrochemical observations indicate that optical ex-
citation of the Cu nanoparticles alters the selectivity of CO2
reduction relative to traditional electrochemical reduction
performed under dark conditions.
In summary, we have demonstrated the benefits of using p-

type NiO as a wide band gap support for harvesting hot holes
from Cu nanoparticles to allow the accumulation of hot
electrons on the metal surface to drive CO2 reduction. The
collection of hot holes from the Cu nanoparticles via injection
to the p-NiO support also removes the requirements for
sacrificial reagents commonly employed in plasmon-induced
photochemical reactions. The Cu/p-type semiconductor
Schottky junction design therefore represents a path forward
for the realization of plasmon-driven photocathodes capable of
harnessing surface plasmon excitations to steer the selectivity
of Cu surfaces for photoelectrochemical CO2 reduction in
aqueous media. We observed that plasmon excitation of the Cu
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nanoparticles modulates the chemical selectivity for CO2

reduction products, increasing CO evolution and HCOO−

production while simultaneously suppressing H2 evolution.
Several possible reaction mechanisms are proposed to account
for the observed influence of light on the selectivity of
photoelectrochemical CO2 reduction. Although a conclusive
assignment of the reaction mechanism requires in operando
spectroscopy to observe the molecular details of the reaction
occurring on the plasmonic photocathode, we speculate that
plasmon-induced hot electrons likely play a key role in altering
the selectivity of the reaction. Overall, our photoelectrochem-
ical results illustrate a promising strategy toward optically
manipulating the catalytic selectivity of Cu surfaces for CO2

conversion.
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