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ABSTRACT: The development of photoelectrochemical sys-
tems for converting COz into chemical feedstocks offers an at-
tractive strategy for clean energy storage by directly utilizing
solar energy, but selectivity and stability for these systems has
thus been limited. Here, we interface silicon nanowire (SiNW)
photocathodes with a copper nanoparticle (CuNP) ensemble to
drive efficient photoelectrochemical COz conversion to multi-
carbon products. This integrated system enables CO2-to-CzH4
conversion with faradaic efficiency approaching 25% and par-
tial current densities above 2.5 mA/cm? at -0.50 V vs RHE while
the nanowire photocathodes deliver 350 mV of photovoltage
under 1 sun illumination. Under 50 hours of continual bias and
illumination, CuNP/SiNW can sustain stable photoelectro-
chemical CO2z reduction. These results demonstrate the nan-
owire/catalyst system as a powerful modular platform to
achieve stable photoelectrochemical COz reduction and the fea-
sibility to facilitate complex reactions towards multi-carbons
using generated photocarriers.

The effects of CO2 emissions on global warming creates a
pressing need for clean alternative fuels for energy storage and
transport that overcome the intermittent nature of certain
types of renewable energy (solar, hydro, and wind).1-4 One such
tactic is artificial photosynthesis in which solar energy is stored
in the form of chemical bonds by using photogenerated charges
to drive uphill reactions.5> This can be achieved by combining
semiconductors, to harvest light, with inorganic or biological
cocatalysts capable of driving chemical reactions with the gen-
erated charge carriers.67 While most initial efforts using inor-
ganic electrocatalysts were directed toward water splitting,8
there have been recent reports showing photoelectrochemical
(PEC) CO2 reduction (CO2R) towards single-carbon products
such as carbon monoxide, formate, and methane.?-11 However,
despite the development of inorganic electrocatalysts for sta-
ble and selective multi-carbon formation demonstrated in the
electrochemical CO2R community,12 literature remains sparse
in seeing similar advancements for PEC COzR.

Designing a photoelectrode requires consideration of its
light absorption properties and cocatalyst integration without
parasitic light absorption.13 In this aim, SINW arrays can be uti-
lized which offer a large surface area, a conduction band level
of -0.5 V vs SHE, favorable light trapping properties, and or-
thogonalization of light absorption and charge separation for
efficient carrier charge extraction.!417 In addition, a radial n*p
junction can be formed to increase the photovoltage by 250
mV18 and to drive photogenerated holes away from the surface
to prevent photocorrosion.l® This array has been used to
demonstrate a fully integrated water splitting photoelectrode
using a single optical path device geometry,20 a microorgan-
ism/semiconductor interface for unassisted solar COzR into ac-
etate at near unit selectivity,*2! and a directed assembly of col-
loidal nanoparticles for COzR into CO at 80% faradaic efficiency
(FE).22

The large surface area of the NW array is especially im-
portant for COzR because it allows a large mass loading of cat-
alyst. High selectivity towards multi-carbon products can be
achieved by controlling the current density at a given potential
by modulating the surface area of copper,?3 the only known
metal capable of carbon-carbon coupling?4 and by using
nanostructures with undercoordinated sites.2> This was at-
tributed to having to build up a necessary concentration of in-
termediates (carbon monoxide) in its microenvironment for
carbon-carbon coupling.26 Systems using planar silicon for
wet-side illumination COzR (incident light, catalyst, and elec-
trolyte on same side) show low current densities and selectiv-
ity toward multi-carbons due to low mass loading?7.28 while a
microwire array with large mass loading (>300 pg/cm?)
showed limited stability (<1 hour) likely due to catalyst deacti-
vation.2? Considering that practical applications require long
term operations with high current densities (mA scale),30 it re-
mains a major challenge to discover more durable and selective
PEC COzR systems.

In this work, we demonstrate stable aqueous PEC COzR by
interfacing CuNPs to n*p-SiNW photocathodes. This catalytic
system yields high C:H4 FE (~25%) and appreciable partial
current densities (>2.5 mA/cm?2) at -0.50 V vs RHE, a reduction



of applied potential by about ~350 mV from its electrochemical
counterpart. The CuNPs structurally evolve under bias, expos-
ing the silicon surface and allowing tolerance to higher mass
loadings without adverse light blocking. This system also main-
tains stable CO2R of over 50 hours under continuous bias and
illumination which show the benefits of combining highly ac-
tive and stable CuNPs with the benefits of the SINW array.

7 nm CuNPs were assembled onto SiNWs by using a previ-
ously reported drop-cast directed assembly process (Figure
1).22 Scanning electron microscopy (SEM) images (Figure 1d)
confirm that drop-casting coats CuNPs uniformly along the NW
with 20 pg/cm? mass loading achieving almost a monolayer
coverage of the surface (Figure S1). This NW array has a calcu-
lated surface area of 7.6 cm? with a theoretical mass loading of
25.7 pg/cm? of CuNPs for complete monolayer coverage (see
Methods). The SEM observation is in good agreement with the
theoretical value which suggests that the nanoparticles (NPs)
disperse well across the substrate.
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Figure 1. The integrated CuNPs/SiNWs photocathode (a) The
arrays have nanowire diameters of 400 nm, length of 21 pm,
and pitch of 2 pm. (b) The SEM image (scale bar 4 pm) of the
NW array. (c) Schematic illustration showing the dopant layer
and charge separation and (d) the corresponding SEM image
(scale bar 100 nm).

The PEC performance of this CuNP/SiNW array was tested
under 100 mW/cm? of air mass (AM) 1.5 simulated sunlight in
COz-saturated 0.1 M KHCOs3 (Figure 2a). The generated current
under illumination principally results from photogenerated
electrons (Figure S2) and the photovoltage produced by SINWs
shifts the COzR onset potential positively by 350 mV with the
photocurrent reaching >10 mA/cm? at -0.50 V vs RHE (Figure
S3). Using Ar-purged 0.1 M KHCO3 show no hydrocarbon prod-
ucts and 13CO: isotope labeling shows that CO2R products are
formed from the input CO2 gas (Figures S4, S5).

However, the overall photocurrent alone is not a beneficial
metric as there many competing reactions during CO2R includ-
ing the hydrogen evolution reaction (HER).3! Figure 2b shows
the selectivity for CO2zR gas products at different mass loadings.
These CuNPs are known to structurally evolve in situ or “elec-
trochemically scramble” to form an undercoordinated active
state that features high turnover rates for multi-carbon for-
mation at seven times that of polycrystalline or oxide-derived
copper catalysts.25 This evolution and thus performance is de-
pendent on the initial packing of the nanoparticles where low
densities favored 2e- products and higher densities favored
>2e" products. We find that the optimal loading density is 1-2

monolayers of CuNPs (40 pg/cm?) which is consistent with pre-
vious reports.32

The activity towards C2H4 for CuNP/SiNW is shown in Figure
2c¢,d. At -0.45 V vs RHE, FEc2n4 reaches over 20% as the main
product of COzR and achieves 25 + 6% at -0.55 V vs RHE (Figure
2c) which is the highest reported value for wet-side illumina-
tion PEC COzR (Table S1). With 40 pg/cm? of CuNPs, jczua
reaches 2.5 mA/cm? whereas over sevenfold mass loading was
necessary in a similar system using photoelectrodeposited cop-
per to reach a comparable partial current density, but at a
lower FEczn4.2% This highlights the importance of using highly
active catalysts that are uniformly deposited to effectively uti-
lize the generated charge carriers.
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Figure 2. Photoelectrochemical performance of the

CuNP/SiNW photocathode. (a) A diagram of the custom cell.
The catholyte and anolyte are separated by an anion exchange
membrane (AEM). (b) Mass loading dependence on the selec-
tivity at -0.50 V vs RHE. Total products are shown in Table S2.
Error bars are from 3 independent measurements. (¢) Compar-
ison of FE and (d) semi-log plots of jczus between 40 pg/cm?
CuNP on illuminated SiNWs and 69 pg/cm? CuNP on carbon pa-
per.

The Tafel slope of the CuNP/SiNW system for COzR to C2H4
is 93 + 14 mV/dec (Figure 2d) which is in a similar range with
literature.32 This suggests the one-electron transfer carbon-
carbon coupling step as the rate-limiting step.33 The activity of
the CuNPs translate well onto SiNWs based on the semi-log of
jczna and FEczn4 plots at lower potentials. However, the PEC be-
havior of the CuNP/SiNW quickly deviates from ideal behavior
even at currents below where CO2 mass transport limitations
are expected. The maximum photocurrent is nearly reached by
-0.45 V vs RHE which may explain why jc2us also plateaus. De-
spite increasing applied biases beyond -0.55 V vs RHE, the
overall product distribution changes minimally (Table S3)
compared to using carbon paper where the maximum FEczns
can reach up to 35% as more negative potentials and currents
are reached.

A possible strategy for furthering a higher production rate
towards CzHa is to increase the mass loading of copper. An in-
creased mass or surface area of copper has been seen to shift
the selectivity towards the formation of multi-carbons.2334
However, when increasing mass loading beyond 40 pg/cm?,
there is little improvement compared to increasing from 5
pg/cm? to 40 pug/cm? (Figure 2b). As shown in Figure 1d, a
monolayer coverage was almost achieved by 20 pg/cm? while
additional mass loadings resulted in nanoparticles depositing



on the floor of the array (Figure S1) which may not allow those
catalysts to be effectively used.

Another factor to consider is the mobility and adhesion of the
CulNPs under bias. SEM images after electrolysis show struc-
tural evolution of the particles (Figure 3a) which is expected
based on the behavior of these nanoparticles when they are
electrochemically scrambled.2532 The shape of the aggregated
particles and the three-dimensional nature of the substrate
make it hard to quantify the density of these aggregates, but the
surface qualitatively appears indistinguishable between 20, 40,
and 60 pg/cm? (Figure S6). Given that copper has poor adhe-
sion to silicon,35 only 1-2 monolayers of CuNPs may adhere to
the surface under bias which would explain why the density on
the surface looks similar beyond 20 pg/cm?2. While this limits
how many CuNPs can be effectively utilized, this keeps our sys-
tem at the optimal loading density and, with the structural evo-
lution, prevents parasitic light absorption. A tactic to increase
total mass loading under bias could then be to increase the sur-
face area of the SINW array itself such as increasing the wire
density.
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Figure 3. SEM and XPS of photocathodes after electrolysis. (a)
SEM image after 1 hour electrolysis (scale bar 100 nm). XPS
scans of before and after electrolysis of the (b) Cu 2p and (c) Si
2p peaks and (d) corresponding changes in atomic percent
(calculations in Table S4).

X-ray photoelectron spectroscopy (XPS) of the copper and
silicon peaks (Figure 3b,c, Figure S7) also reveals the changes
at the surface. The measured atomic percent of copper relative
to silicon decreases significantly showing that a substantial
area of the silicon becomes exposed (Figure 3d) as confirmed
by SEM. The Si-O peak relative to Si increases significantly after
1 hour electrolysis (Figure 3d, Table S4) which has been re-
ported to show degradation of the photocatalytic perfor-
mance.36

Given the target goal of operation for these systems is on the
order of years,3° it is important that the structural evolution of
the CuNPs and the increased presence of SiO: after one hour
does not lead to the rapid decay of its catalytic performance. To
test the stability of the CuNP/SiNW system, the photocathode
was held at -0.50 V vs RHE for over 50 hours under continuous
bias and illumination (Figure 4). There was minimal change in
photocurrent density with changes in selectivity observed over

time. FEco remained consistent while FEczns maintained 25%
for 30 hours before decaying and FEcn4 steadily increased to
over 10%. Even after 50 hours, jczns remained over >1 mA/cm?2
which is the first demonstration of such stability whereas other
systems show dominant HER after 1 hour.29

This stability can be attributed to the synergy between the
n*p-NWs for preventing photocorrosion and the stability of the
CuNPs for COzR. Whereas cocatalysts used for PEC COzR typi-
cally employ photoelectrodeposition in which size and shape
are difficult to control and could suffer from catalytic deactiva-
tion, we take advantage of colloidally synthesized nanoparti-
cles which have already shown stability towards COzR.
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Figure 4. Stability test of the CuNP/SiNW photocathode.
CuNP/SiNW was biased at -0.50 V vs RHE at 1 sun using 40
pg/cm2. The fluctuation in current density can be attributed to
bubbles on the surface.

Possible reasons for the observed selectivity shift may be
possible contamination of the cathode from the anode, or struc-
tural degradation of the catalyst. It's been reported that using a
platinum anode results in dissolution that deposits on the cath-
ode and shifts the selectivity away from COzR towards HER.2937
However, FEuer remains steady at 60% across 50 hours and
platinum is not detected through XPS (Figure S8), so platinum
contamination is likely not the reason. Another possibility is
that structural degradation of the copper shifts the selectivity
over time,38 but more investigation is required.

In this study, we have demonstrated how the SiNW platform
can selectively drive stable PEC COzR towards CzHa. The light
absorption properties of SiNWs along with its large surface
area makes it an attractive platform for housing catalysts as a
photocathode. Coupling this with highly active stable copper
catalysts that have been extensively studied enables stable high
FEczns4 even on SiNWs at lower biases than its electrochemical
counterpart. The structural transformation of CuNPs under
bias also allows for a tolerance in mass loading without sacri-
ficing light absorption of the underlying semiconductor. Thus,
the SiNW array combined with active catalysts continues to be
a model platform for furthering artificial photosynthesis to
drive CO2R towards high value products.
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