.@2 ChemPubSoc
e Europe

]l Carbon Dioxide Reduction

DOI: 10.1002/chem.201601642

CHEMISTRY

A European Journal
Communication

A Monolithically Integrated Gallium Nitride Nanowire/Silicon Solar
Cell Photocathode for Selective Carbon Dioxide Reduction to

Methane

Yichen Wang, Shizhao Fan, Bandar AlOtaibi, Yongjie Wang, Lu Li, and Zetian Mi*"

Abstract: A gallium nitride nanowire/silicon solar cell pho-
tocathode for the photoreduction of carbon dioxide (CO,)
is demonstrated. Such a monolithically integrated nano-
wire/solar cell photocathode offers several unique advan-
tages, including the absorption of a large part of the solar
spectrum and highly efficient carrier extraction. With the
incorporation of copper as the co-catalyst, the devices ex-
hibit a Faradaic efficiency of about 19% for the 8e~ pho-
toreduction to CH, at —1.4V vs Ag/AgCl, a value that is
more than thirty times higher than that for the 2e™ re-
duced CO (ca. 0.6 %).
/

With the increased fossil fuel consumption, the level of atmos-
pheric CO, has shown a steady increase during the past de-
cades. In this regard, the conversion of CO, into hydrocarbon
fuel via solar-powered photocatalysis or photoelectrocatalysis
(PEC) approach has been intensively studied, as it can simulta-
neously decrease the amount of CO, in atmosphere and
reduce the use of conventional fossil fuel.” Compared to pho-
tocatalysis, a PEC system offers several important advantages,
including efficient charge carrier separation and collection of
the oxidation and reduction products at the anodic and catho-
dic electrode, respectively. Various photocathodes, including Si,
GaP, CulnS, CuO/Fe,0;, InP, and ZnTe have been developed for
the reduction of CO,.? Their performance, however, has re-
mained very limited, owing the poor light absorption and/or
rapid corrosion and degradation. Moreover, much of the work
has been focused on the conversion of CO, into the 2e™ re-
duced species such as carbon monoxide (CO), and the 8e~
photoreduction of CO, to methane (CH,) has remained ex-
tremely challenging, which is due to the kinetic barriers associ-
ated with the multiple proton coupled electron transfer (PCET)
process."™! Recently, the use of metal nitrides, including
Ga(In)N, for CO, reduction has attracted considerable atten-
tion.! Compared to conventional metal oxides, Ga(In)N pos-
sesses several unique advantages, including tunable energy
bandgap across nearly the entire solar spectrum, thermody-
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namically favorable conduction band edge position to reduce
CO, to various hydrocarbons, and superior charge carrier trans-
port properties.”) Moreover, owing to the ionic bonding char-
acter and the absence of surface states in the middle of the
bandgap, Ga(In)N is much more stable compared to other IlI-V
compound semiconductors.®%® The surface recombination ve-
locity (ca. 10 cms™) is also smaller than other Ill-V materials.

In this context, Yotsuhashi et al. have studied the reduction
of CO, using planar GaN photocathodes grown on sapphire
substrate.***! More recently, significantly enhanced photocata-
lytic activities have been demonstrated with the use of Ga(In)N
nanowire photocatalysts and photoelectrodes.”” Such nano-
structured photoelectrodes can exhibit enhanced light absorp-
tion and carrier extraction efficiency, which is due to the large
surface-to-volume ratios. Moreover, the spacing amongst nano-
wires can facilitate the diffusion of electrolyte and improve the
photoelectrocatalytic  performance.”®® Nearly defect-free
Ga(In)N nanowire photoelectrodes can also be readily grown
on foreign substrates, including Si and SiOx,” thereby making
it possible for the direct integration with Si solar cell technolo-
gy. Such monolithically integrated nanowire/Si solar cell photo-
cathodes can offer significantly enhanced efficiency, greatly re-
duced cost, and scalable manufacturing compared to previous-
ly reported devices. To date, however, the use of a metal ni-
tride nanowire photocathode for CO, reduction has not been
reported.

Herein, we report on the first demonstration of a metal ni-
tride nanowire/Si solar cell photocathode for the reduction of
CO, under simulated sunlight illumination. Unique to such
a monolithically integrated photocathode is that the Si solar
cell substrate can harvest a large part of the solar spectrum
and the GaN nanowires can significantly enhance the extrac-
tion of photo-generated electrons. With the incorporation of
Cu co-catalyst on GaN nanowire arrays, we have measured the
direct conversion of CO, into CH, and CO. At —1.4V vs Ag/
AgCl, the Faradaic efficiency can reach about 19% for the 8e~
photoreduction to CH,, which is more than 30 times higher
than that for the 2e™ reduced CO (ca. 0.6%). Detailed studies
further suggest the synergistic effect of GaN nanowires and Cu
co-catalyst in significantly enhancing the selectivity for the
photoreduction of CO, to CH,. The GaN nanowire/Si solar cell
photocathode also showed excellent stability towards CO, re-
duction.

The photocathode (Figure 1a) consists of a planar n™-p Si
solar cell wafer and n-GaN nanowire arrays. The Si solar cell
functions as both the substrate and the photon absorber. It
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Figure 1. a) A representation of the Cu/GaN/n"-p Si photocathode and
b) the energy band diagram of the GaN nanowire/Si solar cell photocathode
under illumination.

was prepared by a two-step method including the deposition
of phosphorus and boron as the n-type and p-type dopants
on the front and back sides of the p-type wafer by spin-coat-
ing, respectively, and the subsequent annealing under a N, at-
mosphere at 900°C for 4 h (see the Supporting Information)."”
GaN nanowire arrays were then grown on the n-type surface
of the Si solar cell wafer by plasma-assisted molecular beam
epitaxy (PA-MBE) under nitrogen-rich conditions. Ge was incor-
porated as n-type dopant."" Previous studies have shown that
Cu can deliver a range of reaction products such as CO and
CH,, owing to its medium hydrogen overpotential."” There-
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fore, Cu nanoparticles were formed with the photodeposition
method as the co-catalyst (see the Supporting Information).

Figure 1b shows the energy band diagram of the monolithi-
cally integrated GaN nanowire/Si solar cell photocathode
under illumination. In this design, the solar cell can effectively
absorb photons with wavelengths < 1.1 um, while photogener-
ated electrons in the solar cell can be readily injected into the
n-GaN nanowires, owing to the small offset between the GaN
and Si conduction band edges and the heavy n-type
doping."¥ Moreover, the GaN nanowires are doped heavily as
n-type, which significantly reduces the surface depletion width
associated with the upward band bending. Under illumination,
the upshifting of the quasi-electron Fermi level further reduces
the upward surface band bending. The abundance of photoex-
cited electrons ensures nearly flat-band conditions in the GaN
nanowire. Therefore, the photoexcited electrons can readily
reach the Cu nanoparticles to facilitate the catalytic reaction,
considering a higher electron affinity of Cu compared to
GaN.“O]

Figure 2a shows the scanning electron microscopy (SEM)
image of GaN nanowires on Si solar cell with the incorporation
Cu particles. The nanowires are vertically aligned on the Si
solar cell, with lengths and diameters in the ranges of 100 nm
and 30-40 nm, respectively. It is noted that some Cu particles
are formed directly on the top and lateral surfaces of the nano-
wires. Detailed structural characterization of the GaN nano-
wire/Cu photocatalyst was further performed using transmis-
sion electron microscopy (TEM; Figure 2b). The presence of Cu
based particles on the lateral surface of GaN nanowires is evi-
dent, and the sizes vary in the range between 10 and 30 nm.
Some Cu particles aggregate to form clusters with sizes in the
range of 50 to 100 nm. The presence of Cu particles (area A)
on GaN nanowires (areaB) is also supported by detailed
energy-dispersive X-ray spectroscopy (EDX) studies (Supporting
Information, Section 4). X-ray photoelectron spectroscopy (XPS)
and Auger Cu LMM spectroscopy measurements were further

[3

Figure 2. a) SEM images of Cu/GaN/n*-p Si and b) TEM image of GaN nanowires with the incorporation of Cu particles (A and B indicate the areas which are

tested by EDX shown in the Supporting Information).
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performed to probe the chemical status of Cu element formed
on Cu/GaN/n*-p Si. It was confirmed the primary presence of
Cu element on the GaN nanowire/Si solar cell photocathode is
metallic Cu (Supporting Information, Section 5).

The PEC performance of CO, reduction was first investigated
by linear sweep voltammetry (LSV). Figure 3a shows the LSV
curves of the GaN/n*-p Si solar cell devices with and without
the incorporation of Cu co-catalyst under dark and illumination
conditions at a scan rate of 20 mVs™'. The LSV curve for a Si
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Figure 3. a) Linear sweep voltammetry of different photocathodes with a Pt
counter electrode (vs Ag/AgCl) at a scan rate of 20 mVs ™" in 0.5 M KHCO,
(pH ca. 8). b) Chronoamperometric curves of Cu/GaN/n*-p Si photocathode
with a Pt counter electrode at —1.4 V (vs Ag/AgCl) in 0.5m KHCO; (pH ca. 8).

solar cell with and without the incorporation of Cu is also
shown for comparison. Under dark conditions, there are negli-
gible currents for all the samples in the potential range from
0V to —1.5V (solid gray curve). A 300 W Xenon lamp (Excelitas
Technologies) was used as the illumination source. Under illu-
mination, various photocurrent levels were measured for the
different samples. Shown in Figure 3a, the photocurrent for
a Si solar cell photocathode (short dash light gray curve) with-
out any co-catalyst is about 1.95 mAcm™ at —1.5V vs Ag/
AgCl. The very low photocurrent is due to the inefficient carrier
extraction from a planar Si surface without any co-catalysts.
With the use of GaN nanowires or Cu co-catalysts, significantly
improved photocurrent and onset potential were measured,
shown as the dashed gray and dotted dark gray curves in Fig-
ure 33, respectively, owing to the enhanced carrier extraction.
The best result is obtained for the Cu/GaN/n*-p Si device,
wherein both Cu co-catalyst and GaN nanowires are integrated
with the Si solar cell. The photocurrent density is 44.9 mAcm™
at —1.5V (solid black curve), with an onset potential of
—0.43 V. These results indicate the important roles of n-GaN
nanowire and Cu co-catalyst for catalyzing the reduction reac-
tion. The stability of the nanowire photocathode is further in-
vestigated by the chronoamperometry test. Figure 3b shows
the current-time curve measured at a constant voltage of
—1.4V vs. Ag/AgCl for Cu/GaN/n*-p Si. It is seen that the cur-
rent shows a small reduction with time. In 6000 s, the photo-
current loss is about 30%. Interestingly, most of the current
loss occurred during the initial part of the measurement, and
the photocurrent becomes highly stable afterwards, with only
about 6% decrease per hour, indicating very stable per-
formance. The slow attenuation could be related to the etch-
ing of the n-GaN/n-Si interface.!"
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To gain further insight into the photoelectrocatalytic activity
of the GaN nanowire photocathode for CO, reduction, we ana-
lyzed the reaction products in the cathode after 6000 s chro-
noamperometric measurements at different potentials from
—1.1V to =15V vs Ag/AgCl. The flame ionization detector
(FID) attached to the gas chromatograph (Shimadzu GC-2014)
was used to detect CH, and CO, and the thermal conductivity
detector (TCD) attached to the gas chromatograph (Shimadzu
GC-8A) was employed to measure H,. Figure 4a shows the re-
duction products, including CH, and CO generated in the
Cu/GaN/n*-p Si photocathode measured at different poten-
tials. It is seen that the rate of CH, production is increased dra-
matically from about 1.21 umolh'cm™2 at —1.1V to about
25.5 umolh™'cm™? at —1.4 V. The rate of CO generation, how-
ever, shows a decreasing trend by applying a more negative
potential.
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Figure 4. a) The amount of reaction products of Cu/GaN/n*-p Si, including
CO and CH,, measured in 6000 s at different potentials from —1.1 V to
—1.5V (vs Ag/AgCl) in 0.5Mm KHCO; (pH ca. 8). b) The measured Faradaic effi-
ciency of the Cu/GaN/n"-p Si photocathode for different reaction products
at different potentials from —1.1 V to —1.5V (vs. Ag/AgCl) in 0.5m KHCO,
(pH ca. 8).

One of the primary challenges for PEC CO, reduction is the
selectivity of reduction products towards CO, conversion,
which is further complicated by the competition from H, gen-
eration in the cathode." Faradaic efficiency is the value that
not only shows the total conversion efficiency from electrical
energy to chemical energy, but also exhibits a distribution for
all the reduction products in the cathode side. Figure 4b
shows the Faradaic efficiency for CH, and CO generation in the
Cu/GaN/n*-p Si cathode after 6000s chronoamperometric
measurements at different potentials from —1.1V to —1.5V vs
Ag/AgCl. The Faradaic efficiencies for all the products, includ-
ing CH,, CO, and H, are shown in the Supporting Information,
Table S1. It is seen that the Faradaic efficiency of the 2e™ re-
duced CO shows a declining trend, while the Faradaic efficien-
cy of the 8e™ reduced CH, increases drastically with increasing-
ly more negative potential. At —1.4V, the Faradaic efficiency of
CH, production is about 19%, which is more than 30 times
higher than that of CO generation (ca. 0.6%). The measured
Faradaic efficiency of CH, production is also much higher than
previously reported values.”™' The significantly increased se-
lectivity for CH, production is directly related to the enhanced
multiple proton coupled electron transfer (PCET) process,
which is due to the relatively large negative potential associat-
ed with the conduction bandedge of GaN nanowires and the
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use of Cu co-catalyst. In the process of CH, generation, CO is
also consumed.""™®!

To shed light on the synergistic effect of GaN nanowires and
Cu cocatalyst, the Faradaic efficiencies for CO, reduction are
compared for the Cu/GaN/n"-p Si, GaN/n"-p Si, Cu/n*-p Si,
and n*-p Si photocathodes. Shown in Figure 5, it is seen that
the use of Cu particles is essential for CH, generation. This is in
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Figure 5. The measured Faradaic efficiency of products for different samples
at —1.4V (vs Ag/AgCl) in 0.5m KHCO; (pH ca. 8).

agreement with previous reports that copper is a suitable ma-
terial because it can catalyze CO, reduction to a range of prod-
ucts such as CH, and CO with medium overpotential towards
hydrogen evolution reaction and weak CO adsorption, which
can lead to the C—O bonds breaking.*>'?? However, with the
use Cu of catalyst but without GaN nanowire arrays, the Fara-
dic efficiency of CH, generation is only about 3.7 %. The signifi-
cant enhancement in the Faradic efficiency of CH, generation
for the Cu/GaN/n*-p Si photocathode, compared to the
sample without GaN nanowires, is attributed to the extremely
efficient carrier extraction and the highly reactive GaN nonpo-
lar lateral surfaces for CO, adsorption and dissociation.

In summary, we have demonstrated, for the first time, metal
nitride nanowire photocathodes for PEC reduction of CO,. The
GaN nanowires are integrated with a standard Si solar cell,
which offers several unique advantages for CO, reduction, in-
cluding the absorption of a large part of the solar spectrum,
highly efficient carrier extraction, and highly selective CH, pro-
duction. Moreover, the Faradaic efficiency for CH, production
can be tuned to be more than 30 times higher than that for
CO generation. Such a monolithically integrated GaN nano-
wire/Si solar cell photocathode provides a promising approach
for the scalable manufacturing of high efficiency and low cost
PEC devices and systems for the selective reduction of CO,
under direct sunlight irradiation.
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