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Abstract

The synthesis of renewable chemical fuels from CO, and H,O via photoelectrochemical (PEC) route reprensents a promising room-tem-
perature approach for transforming greenhouse gas into value-added chemicals (e.g., syngas), but to date it has been hampered by the lack of
efficient photocathode for CO, reduction. Herein, we report efficient PEC CO, reduction into syngas by photocathode engineering. The
photocathode is consisting of a planar p-n Si junction for strong light harvesting, GaN nanowires for efficient electron extraction and transfer,
and Au/TiO, for rapid electrocatalytic syngas production. The photocathode yields a record-high solar energy conversion efficiency of 2.3%.
Furthermore, desirable syngas compositions with CO/H, ratios such as 1:2 and 1:1 can be produced by simply varying the size of Au nano-
particle. Theoretical calculations reveal that the active sites for CO and H, generation are the facet and undercoordinated sites of Au particles,
respectively.
© 2020 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction regarded as a promising route to efficiently reduce CO,

reduction at mild conditions (e.g., room temperature and

Despite CO, is a major greenhouse gas that contributes to
global warming, it has also been considered as an abundant
carbon source. The conversion of CO, into chemical fuels or
chemical building blocks is an attractive strategy of turning
the waste into assets, which may play a vital role in the
green transformation of current energy infrastructure and
chemical industry. Among various CO, conversion tech-
nologies, photoelectrochemical (PEC) approach has been
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ambient pressure), since it takes advantage of synergetic
effects of both photo-energy and electricity as energy input
for CO, reduction [1-13]. The applied external bias facili-
tates the separation of photogenerated charge carriers, and
thus enhances the conversion efficiency. In particular,
recently there has been a substantial interest in the conver-
sion of CO, into syngas (CO + H, mixtures), which is an
industrial feedstock for producing synfuels and high-value
chemicals [14-22]. To date, various semiconductors
including metal oxides [23-26], Si [27-37], GaN [38], ZnTe
[39] and perovskite [40] have been exploited as photo-
cathode materials for PEC CO, conversion into syngas/CO.
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Usually, these semiconductor materials are coupled with
suitable cocatalysts to accelerate CO, conversion and
improve the selectivity. Typical electrocatalysts reported for
CO, reduction to CO include metal particles (e.g., Au, Ag
and Zn) [41-44], carbon-based materials [45—47], molecular
metal-complexes [48] and single-atom catalysts [49,50].
However, due to the high thermodynamic stability of CO,
and myriad reaction network to form a varity of products
(e.g., CO, HCOOH, CH,, CH;0H, HCHO, longer-chain
hydrocarbons and alcohols), it remains a challenge to design
efficient and selective syngas production from PEC CO,
reduction. Moreover, the CO/H, ratio in the syngas mixture
is critical to meet the demands for subsequent downstream
thermocatalytic processes [51-601]. For example, methanol
synthesis and Fischer—Tropsch hydrocarbon formation re-
quires 1:2 CO/H, ratio, whereas in the case of hydro-
formylation to form aldehyde, CO/H, ratio of 1:1 is more
desirable. Therefore, developing effective strategies to
modulate syngas composition in PEC CO, reduction system
is equally important for practical applications.

Recently, IlI-nitride semiconducting materials (e.g., GaN)
have received considerable interest for artificial photosyn-
thesis due to their suitable optical properties and band
structures [62-66]. The development of molecular beam
epitaxy (MBE) technology enables controlled growth of
nearly perfect dislocation-free GaN nanowires on wafer-
scale planar n"-p Si substrate, which emerged as a powerful
platform to achieve high-performance optoelectronic and
solar conversion devices [67,68]. The GaN/Si platform
combines merits of the strong solar absorption of Si (~1.1 eV
bandgap) and large charge carrier mobility as well as high-
aspect-ratio provided by GaN nanowires. The nanowire ar-
rays minimize the light reflection and therefore enhance the
light absorption [69]. In addition, the high exposed surface
of nanowire allows high mass loadings of electrocatalyst
without compromising light absorption, presenting a
powerful and ideal nanoarchitecture for PEC CO, conver-
sion. Herein, we report the use of low-dimensional GaN
nanowires on planar Si as superior scaffolds to couple with
Au/TiO, for efficient and tunable PEC syngas production
from CO, reduction. Experimentally, the photocathode
yields a record-high solar-to-syngas efficiency of 2.3%, and
enables rational control of syngas mixtures with wide-
ranging CO/H, ratios by tuning the Au nanoparticle size.
Theoretical calculations show that the increase in the pro-
portion of facet sites associated with large Au nanoparticles
favors CO, reduction to CO over H, evolution reaction.

](mA cm’z) X FEco(%) X (134 — Vbias)(v) —|—J(mA cm’2) X FEHZ(%) X (123 — Vbias)(v)

2. Material and methods
2.1. Sample synthesis

The growth of GaN nanowire arrays on a 2-inch planar n*-
p Si wafer was conducted by a Veeco GEN MBE system
without any foreign catalysts [67]. Au particles of 3, 6, 10 and
16 nm were deposited on GaN/n"-p Si substrate using a
NexDep e-beam evaporator (Angstrom Engineering Inc.) at a
deposition rate of 0.01 nm s~! for 300, 700, 1200 and 2000 s,
respectivily. Prior to the Au e-beam deposition, the GaN/n"-p
Si substrate was cleaned with concentrated HCI solution to
remove any native oxides. TiO, film was deposited on Au/
GaN/n™-p Si at 225 °C in a Gemstar Arradiance 8 atomic layer
deposition (ALD) system, using Tetrakis(dimethylamido)-ti-
tanium (TDMAT, Sigma—Aldrich) and deionized water as re-
actants [70].

2.2. Characterization
This part is shown in the supplementary information.
2.3. PEC measurements

PEC CO, reduction was performed in a typical three-
electrode cell. Ag/AgCl and Pt wire were adopted as the
reference and counter electrode, respectively. The electrolyte
was CO,-saturated 0.5 mol L™' KHCO; (pH 7.5) by purging
CO, for 30 min. The electrodes were irradiated by a solar
simulator (Newport Oriel LCS-100) with a calibrated power
intensity of 100 mW cm ™2 at the sample surface. The geo-
metric area of the working electrodes is 0.2-0.3 c¢m?. The
PEC data were acquired on an Interface 1000 potentiostat
(Gamry Instruments) to measure the current—potential (J-V)
curves and chronoamperometry. The gas products after
chronoamperometry measurement were quantified by gas
chromatograph (GC). H, was analyzed by a thermal con-
ductivity detector on Shimadzu GC-8A system, and CO and
hydrocarbons were analyzed by a flame ionization detector
on Shimadzu GC-2014 system. The possible liquid products
were analyzed using NMR spectroscopy (Bruker AV-500).
The '*C-labeled isotope experiment was performed in '*CO,
(99%, Sigma Aldrich)-saturated 13C-bicarbonate solution
(NaH'’COs, 98%, Sigma Aldrich). The gas products were
analyzed by GC-MS (Agilent 5975).

The half-cell solar-to-syngas efficiency n¢yg was calculated
by the following equation:

”fISTS(%) =

P;,(mW cm—2)
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where J is the recorded photocurrent density of photocathodes,
FEco and FEp, are faradaic efficiency (FE) for CO and H,
respectively, Vi, is the applied bias versus an ideal counter
electrode for O, evolution, and Pj, is power intensity
(100 mW cm ).

2.4. DFT calculations

DFT calculations were conducted with a 400 eV cutoff
energy in the Vienna ab initio simulation package (VASP)
[71,72] using Bayesian error estimation function with van der
Waals correlation [73] and projector augmented wave method
[74,75]. The energy convergence and force were set
to 107> eV and 0.01 eV A~ respectively. The four-layer
3 x3(111) and 3 x 1 (211) surfaces were modeled for the
(111) and (211) facets of face-centered cubic metals
respectively, both of them contains 9 surface metal atoms
with 4 x 4 x 1 Monkhorst-Pack k-point mesh [76]. A
vacuum layer of more than 20 A in thickness was introduced
along the perpendicular direction to separate slabs. The ad-
sorbates and the topmost two layers were allowed for
structural relaxation, while the others are fixed to their bulk
positions.

The free energy diagrams of H, generation and CO,
reduction reaction were calculated by the model of computa-
tional hydrogen electrode (CHE) [77]. As indicated in the
previous study [78], the reaction intermediates would be sta-
bilized by the hexagonal water overlayer above them, there-
fore the solvation correction was also employed by applying a
*COOH and *CO stabilization of 0.25 and 0.1 eV,
respectively.

(a)

MBE growth

500 nm

3. Results and discussion
3.1. Design and synthesis of photocathode materials

GaN nanowires grown on wafer-scale n*-p Si substrate was
adopted as the material platform to deposit Au electrocatalyst
and construct photocathode for CO, reduction into syngas. Au/
GaN/n™-p Si sample was prepared using MBE growth of GaN
nanowires on n'-p Si junction, followed by deposition of Au
nanoparticles via e-beam evaporation (Fig. la). In the
configuration, the optical absorption, charge carrier trans-
portation, and electrocatalytic reaction are spatially and
functionally decoupled, providing a powerful platform to
rationally investigate the effect of optical, electronic, catalytic
modifications on the overall performance. Upon light illumi-
nation, the n*-p Si with a narrow bandgap of 1.1 eV is readily
excited by the major part of sunlight (up to wavelength of
1100 nm) to generate charge carriers. Then the photogenerated
electrons from Si can be extracted by the one-dimensional
GaN nanowires due to the suitable band alignment between
conduction band edges of Si and GaN with heavy n-type
doping [67,68]. Finally, the energetic electrons transported
through the GaN nanowire to solid/electrolyte interface, for
aqueous CO, reduction to syngas. The photogenerated holes
are conducted to the Si back-contact and transported to the
counter anode for water oxidation.

3.2. Structural characterization

SEM characterization of Au/GaN/n*-p Si shows the
nanowire array morphology of GaN with a relatively uniform

—>GaN

E-beam
evaporation

-
& & &

Fig. 1. (a) Schematic illustration for the fabrication of Au/GaN/n*-p Si sample, (b) 45°-tilted SEM, and (c) TEM images of Au nanoparticles on GaN nanowires.
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Fig. 2. TEM images of Au nanoparticle with different sizes on GaN nanowires. (a) 3 nm; (b) 6 nm; (c) 10 nm; and (d) 16 nm.

diameter around 40 nm and length of ~350 nm (Fig. 1b). Au
nanoparticles with an average size of 6 nm are well distributed
across the GaN nanowires (Fig. lc). High-resolution TEM
image in the inset of Fig. Ic shows the (111) facet of Au with a
lattice spacing of 0.24 nm. EDX analysis confirms that Au was
successfully deposited on GaN nanowires (Fig. S1). And XPS
analysis in Fig. S2 indicates metallic Au (Au®).

Variable-sized Au nanoparticles were obtained by simply
varying the e-beam deposition time. TEM images in Fig. 2
show the average diameters of Au nanoparticles to be 3, 6, 10
and 16 nm. The corresponding statistics characteristic of
particle size distribution are shown in Fig. S3. The Au nano-
particles with small size are spherical shape, whereas Au
nanoparticles with large size are partially coalesced worm-like
morphology. XRD analysis were used to evaluate the overall
particle sizes of Au nanoparticles. Increasing the size of Au
nanoparticles leads to increased intensity of Au(111) peak,
indicating a larger crystalline size of Au nanoparticles
(Fig. S4).

3.3. Photoelectrochemical performance

PEC measurements of Au/GaN/n*-p Si samples were

studied in CO, saturated 0.5 mol L~! KHCO; aqueous elec-

trolyte (pH 7.5) under one-sun illumination (100 mW cm 2,

AM 1.5G). Fig. 3a displays the CO and H, Faradaic effi-
ciencies (FEs) on photocathodes with different Au sizes at a
fixed potential of +0.17 V vs. reversible hydrogen electrode
(RHE). It was clearly observed that the product selectivity was
largely determined by the Au particle size. An increased
selectivity for CO with concurrently decreased selectivity for
H, was found with the increase in Au particle size. The molar
ratio of CO/H; in the products can be adjusted in a large range
between 1:11 and 1:1. In particular, 10 nm Au/GaN/n"-p Si
photoelectrode generated a desirable CO/H, ratio of approxi-
mately 1:2, which is suitable for industrial production of
methanol and long-chain hydrocarbons via Fischer—-Tropsch
process [14].

Fig. 3b displays current—potential (J-V) plots for Au/GaN/
n"-p Si photocathodes. All electrodes show negligible currents
in the dark. As the size of Au nanoparticle decreases, higher
photocurrent density was obtained due to the increase of
exposed surface sites. Fig. 3¢ shows the CO partial current
density (Jco) increases and H, partial current density de-
creases with the increase in Au particle size. Increasing the
particle size from 3 to 16 nm resulted in an enhancement of
Jco by 2.7 times. Fig. 3d shows the FE of CO on Au/GaN/n*-p
Si photocathodes at various potentials from +0.27 to +0.07 V
vs. RHE. The CO FEs are relatively stable in the investigated
potential range. Note that different Au loading amounts of the
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Fig. 3. Size dependence of photoelectrochemical performace on Au nanoparticles. (a) CO and H, faradaic efficiencies, and the derived CO/H, molar ratios of Au/
GaN/n"-p Si samples (Experimental conditions: 100 min at +0.17 V vs. RHE). (b) Current—potential curves. (c) Partial current densities. (d) CO faradaic efficiency

at different applied potentials.

samples may also affect the catalytic performance, but it is
likely that size effect plays a major role in determining the
catalytic performance.

3.4. Theoretical studies
To understand the origin of size-dependent syngas
composition over Au nanoparticles, theoretical modeling and

DFT calculations were performed. It is considered that the
reactivity behaviors of metal nanoparticles are determined by
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Fig. 4. Portion of surface sites (orange, yellow, and red symbols represent
facet, edge and corner, respectively) on icosahedron Au clusters versus Au
particle size.

surface sites (i.e., facet, edge and corner) [79-83]. Au nano-
particles were simulated as icosahedron geometry, and the
surface site proportion as a function of Au nanoparticle size
was plotted in Fig. 4. With the increase of Au nanoparticle
size, the proportion of the facet sites increases and the low-
coordinated sites (edge and corner) decreases simultaneously.
3 nm Au has a relatively high proportion of low-coordinated
sites over 50%, while 16 nm Au is dominated by the facet
sites. As a note, the application of different geometries for the
simulation of Au nanoparticles will obtain similar qualitative
trend. Therefore, the size-dependent CO selectivity can be
translated into the different CO and H, evolution reactivities
over the three different surface sites (i.e., facet, edge and
corner).

DFT calculations of the reaction energetics of CO and H,
evolution reaction were conducted on flat Au(111) surfaces,
stepped Au(211) surfaces, and Aul3 clusters, which repre-
sented the facet, edge and corner, respectively, as shown in
Fig. 5. Compared with the facet sites, it was found that CO,
reduction intermediates *COOH and *CO are stabilized on
both the edge and corner sites (Fig. 5a). However, the corner
site tends to overbind *CO, which would decrease the
desorption rate of CO product and may lead to poisoning of
catalyst. In addition, H, evolution, the major competitive re-
action of aqueous CO, reduction, becomes easier from facet,
edge to corner, as the energy barrier reduced from 0.60 eV on
facet site to 0.43 eV on edge and further to 0.10 eV on corner
sites, respectively (Fig. 5b). Therefore, it is inferred that facet
sites of Au nanoparticles are active for CO, reduction into CO
evolution, and the low-coordinated sites are active for H,
evolution.
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3.5. TiO, modification

In terms of PEC performance, the Au/GaN/n"-p Si pho-
tocathodes were relatively moderate with an onset potential
~0.35 V vs. RHE and a photocurrent density of 24 mA cm > at
—0.2 V vs. RHE. However, the performance could be signif-
icantly enhanced with a modification of ultrathin TiO, over-
layer to construct a metal/oxide interface. TiO, layer of 0.3 nm
thickness was deposited on 10 nm Au/GaN/n"-p Si sample
using ALD technique, which is a well-established method to
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access TiO, nanocoating with high conformity at an atomic
level [84—86]. XPS analysis confirms the signal of Ti(IV) from
TiO, (Fig. S5).

Fig. 6a and b show the comparison of J-V curves and FEs
for CO, respectively. Compared to bare Au, significantly
anodic shift of ~100 mV and larger photocurrent were
attained with the modification of TiO, overlayer. In addi-
tion, it is found that the FE towards CO of Au-TiO,/GaN/
n"-p Si exceeds the total amount of that with individual Au
or TiO, modification (Fig. 6b), indicating a synergy between
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Fig. 6. (a) Current—potential curves. (b) CO faradaic efficiencies at +0.17 V vs. RHE. (c) Faradaic efficiencies towards CO and H,, and solar-to-syngas efficiencies
of Au-TiO,/GaN/n"-p Si at different applied potentials. (d) Stability test of Au-TiO»/GaN/n"-p Si sample at +0.17 V vs. RHE.
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Au and TiO, for CO evolution from CO, reduction. The
positive effect of TiO, modification on CO generation was
also confirmed in other samples with different Au nano-
particle sizes (Fig. S6). It is supposed that the formation of
Au/TiO, as a metal/oxide interface gives multifunctional
and diverse adsorption/reaction sites for CO, conversion
into syngas [31,87,88]. The CO, adsorption—desorption
measurements in Fig. S7 show CO, adsorption amount is
2.29 pmol cm ™2 over Au-TiO,/GaN/n"-p Si, which is more
than four times larger than that on bare Au sample
(0.57 pmol cm™?). Additionally, the surface trapping states
of nanowire may be passivated by the ultrathin TiO, over-
layer, which suppresses the charge recombination and en-
hances the PEC efficiency [89,90]. As a control experiment,
Au decorated TiO,/GaN/Si sample was prepared and tested
to check the different place effects of Au or TiO, in the
hybrid. It showed a CO FE of 48%, which was close to that
of TiO,-covered Au/GaN/Si sample (56%). It is likely that
ultrathin TiO, overlayer of 0.3 nm thickness does not affect
the mass transport of reactant and product species associated
with syngas generation reaction. However, a negative effect
was observed when the thickness of TiO, overlayer was
more than 1 nm (Fig. S8). The decreased PEC performance
with a thick TiO, overlayer can be ascribed to its large
resistance to inhibit the mass/charge transfer across semi-
conductor/electrolyte junction [91].

Fig. 6¢ shows the CO and H, FEs over Au-TiO,/GaN/n*-p
Si within potential range from +0.27 to +0.07 V vs. RHE. At
all potentials investigated, the electrode exhibited a CO FE of
57 + 4% and H, FE of 42 + 3%. The half-cell solar-to-syngas
efficiencies were calculated according to Eq. (1) (see in sec-
tion of Material and methods and Table S1). As shown in
Fig. 6¢c, at +0.12 V vs. RHE, solar-to-syngas efficiency
reached 2.3%, which is higher than that of reported photo-
cathodes [31,33] and sets a new record to our knowledge (see
Table S2). Stability testing was also performed, showing no
observable degradation and stable products selectivity during
10 h operation (Fig. 6d). The morphology of nanowire arrays
and nanoparticle catalysts did not change after the stability test
(Fig. S9). The turnover number (TON) for CO was calculated
to be ~18,400, considering evolved CO amount of 129 pmol
and Au-TiO, catalyst of 7 nmol. The catalyst loading amounts
were detemined by ICP-AES analysis. To identify the carbon
source of CO formation, isotope labeling test using '*CO, was
performed. The observation of '*CO signal in the GC-MS
analysis confirmed the carbon source of CO originated from
CO, conversion (Fig. S10).

4. Conclusions

Efficient and controllable PEC syngas generation from CO,
reduction have been demonstrated by coupling Au/TiO,
catalyst with GaN/n"-p Si. The integrated photocathode
exhibited a record solar energy conversion efficiency of 2.3%.
Moreover, desirable syngas compositions with CO/H, ratios
such as 1:2 and 1:1 were produced by simply tuning the par-
ticle size of Au nanoparticles. The theoretical investigations

revealed that the facet sites of Au particles were active for CO,
reduction towards CO, and the low-coordinated sites favored
the H, evolution reaction. This work provides a paradigm to
develop efficient PEC CO, reduction using rationally designed
photoelectrode.
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