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2-Aminobenzenethiol-Functionalized Silver-Decorated Nanoporous
Silicon Photoelectrodes for Selective CO, Reduction
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Yong Wang, Yixin Zhao,* and Thomas E. Mallouk*

Abstract: A molecularly thin layer of 2-aminobenzenethiol (2-
ABT) was adsorbed onto nanoporous p-type silicon (b-Si)
photocathodes decorated with Ag nanoparticles (Ag NPs). The
addition of 2-ABT alters the balance of the CO, reduction and
hydrogen evolution reactions, resulting in more selective and
efficient reduction of CO, to CO. The 2-ABT adsorbate layer
was characterized by Fourier transform infrared (FTIR)
spectroscopy and modeled by density functional theory
calculations. Ex situ X-ray photoelectron spectroscopy (XPS)
of the 2-ABT modified electrodes suggests that surface Ag
atoms are in the + 1 oxidation state and coordinated to 2-ABT
via Ag—S bonds. Under visible light illumination, the onset
potential for CO, reduction was —50 mV vs. RHE, an anodic
shift of about 150 mV relative to a sample without 2-ABT. The
adsorption of 2-ABT lowers the overpotentials for both CO,
reduction and hydrogen evolution. A comparison of electrodes
functionalized with different aromatic thiols and amines
suggests that the primary role of the thiol group in 2-ABT is
to anchor the NH, group near the Ag surface, where it serves to
bind CO, and also to assist in proton transfer.

Introduction

Current global trends in energy use and its impact on
climate have created a pressing need for a carbon-neutral
cycle of storage and use of renewable energy.*?! Because of
the high energy density of carbon-based fuels and the well-
developed infrastructure for their transportation, storage, and
use, the conversion of gaseous carbon dioxide to fuel feed-
stocks has attracted widespread attention.*®! One of the
impediments to the efficient use of sunlight or renewable
electrical energy to electrolyze CO, is the high overpotential
needed to drive its reduction to the one-electron intermedi-
ate, "CO, . The overpotential can be lowered by supplying
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protons to the catalytic center through a sequential electron-
proton transfer or proton-coupled electron transfer (PCET)
process.”’! A second challenge for electrolysis in protic media
is the hydrogen evolution reaction, which occurs in competi-
tion with CO, reduction.’*” Many different heterogeneous
electrocatalysts have been studied for CO, electrolysis, and
the most effective are Ag, Au, and Pd for reduction to C,;
products (CO and formate), and Cu and its alloys for
reduction to C—C bonded molecules.® 2! With Ag, the main
products are CO and H,, but the potential range for reduction
to CO with high Faradaic efficiency is narrow, and this limits
the practical current densities that can be achieved.>

An alternative to a photovoltaic-electrolyzer system is the
direct reduction of CO, at the surface of an illuminated
semiconductor photoelectrode.'®!”! As early as 1978, Hal-
mann demonstrated the photoreduction of CO, at p-GaP
electrodes.'¥ Subsequently other semiconductors including
TiO,, InP, GaP, ZnO, CdS, Si, and WO; were studied as
components of photoelectrochemical and photocatalytic CO,
reduction systems."”*) Among these semiconductors, p-type
silicon with band gap of 1.1 eV is of special interest because of
its nearly ideal band gap for tandem absorber systems and the
falling cost as well as increasing efficiency of silicon photo-
voltaics.>?! The Faradaic efficiency of direct CO, reduction
at p-Si was shown to be high when carried out in non-aqueous
electrolytes or at high pressure.”*?”! To further improve the
CO, reduction efficiency, cocatalysts such as reduced gra-
phene oxide,”?! Sn nanorods,*"! silver nanowires,”*" and gold
meshP? have been combined with the semiconductor. For Ag-
catalyzed CO, reduction, CO is regarded as a key target
compound because of its favorable economics as a building
block of chemicals and fuels.”® But the partial current density
of C, products under solar illumination at p-Si is still limited
to about 7mAcm > even with reagents added to inhibit
hydrogen evolution, because of the kinetically slow CO,
reduction process.*** Nanostructuring p-Si electrodes can
improve light absorption and also provide a higher surface
area for electrocatalysis. However black silicon (b-Si), pro-
duced by etching planar Si to increase the surface area and
catalyzed with metals such as Ag, promotes H, generation and
therefore lowers the Faradaic efficiency for CO, reduction.

Herein, we investigate the functionalization of b-Si/Ag
with 2-aminobenzenethiol (2-ABT) and related molecules for
CO, reduction. 2-ABT was adsorbed onto the surface of Ag
nanoparticles forming a molecularly thin layer. The adsorp-
tion of 2-ABT results in oxidation of surface Ag atoms, which
act as the active catalyst for CO, reduction. The Faradaic
efficiency for CO, reduction to CO was increased from 50 %
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to 75%, most likely because 2-ABT assists in shuttling CO,
and H" to the catalytic Ag surface. Interestingly, this effect is
not observed with the para-isomer 4-ABT, suggesting that the
proximity of the -NH, group to the surface is important in
enhancing the catalytic reduction of CO, to CO.

Results and Discussion
Electrode Fabrication

Planar p-type Si (pl-Si, E0) and nanoporous p-type Si (b-
Si, E3) electrodes were prepared by an Ag-assisted electroless
etching process and then modified with Ag nanoparticles and/
or with 2-ABT according to the scheme shown in Figure 1.
The 2-aminobenzenethiol (2-ABT) molecule is relatively
insoluble and stable in neutral aqueous solution.F”" This
molecule does not adsorb significantly on unmodified Si
electrodes (E1), as evidenced by the lack of observable
adsorbate peaks in the FTIR spectrum (Figure S1 in the
Supporting Information), but is expected to bond strongly to
Ag-modified Si because of the well-documented affinity of
thiols for noble metal surfaces.*” Silver nanoparticles (Ag
NPs) were electrolessly deposited on planar and b-Si to form
Si/Ag (E2') and b-Si/Ag (E4), respectively. The amount and
size of the Ag NPs could be controlled by the deposition time
(60's in most cases). According to SEM images shown in
Figure S2 and Table S1, Ag particles cover about half of the
porous silicon surface. Modeling the silver nanoparticles as
hemispheres, their surface area can be calculated as roughly
twice that of the porous silicon substrate. After immersion in
2-ABT/methanol solution for 5 min and rinsing with meth-
anol, b-Si/Ag/2-ABT (ES5) electrodes were obtained. The
amount of 2-ABT initially deposited was in the range of
several nanomole cm ™2, based on a linear calibration curve of
two peaks (at 300nm and 1030 nm) in the UV/Vis-NIR
transmission spectra, as shown in Figure S3. Before rinsing,
micron-size patches of residual 2-ABT were apparent (Fig-
ure S4). Further careful rinse with methanol gave b-Si/Ag/2-
ABT photoelectrodes. UV/Vis spectra (Figure S5) indicated
a 2-ABT coverage of around 16 nmolcm ™ based on the
geometric area of Si, or approximately 0.3 nmolcm 2 of 2-
ABTTrelative to the surface area of Ag, which is in the range of
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Figure 1. Surface modification process for Si photoelectrodes.

Angew. Chem. Int. Ed. 2020, 59, 2—10

Research Articles

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

monolayer coverage. The low absorbance of the 2-ABT
adsorbate layer between 300 and 1030 nm indicates that at
this loading, 2-ABT does not interfere with the transmission
of excitation light to the b-Si electrode.

Characterization

The micro-scale structure of a b-Si/Ag/2-ABT electrode
(ES) is shown in scanning electron microscopy (SEM) images
in Figure 2. Images of b-Si (E3 in Figure 2a) and b-Si/Ag (E4
in Figure 2b) are shown for comparison. Freshly etched b-Si
has vertical nanopores with diameters ranging from 10 to
100 nm and a depth of about 500 nm (Figure 2d), resulting in
an around 25 times higher surface area than that of pl-Si.
Based on the SEM images, no Ag nanoparticles are discern-
able on the b-Si surface, but the rough edges of the pores,
which are evident on the top surface, may provide the most
active sites for secondary Ag deposition.”? Figure 2b shows
the distribution of Ag nanoparticles (Ag NPs) on the top
surface of b-Si/Ag. Ag NPs with diameters less than 50 nm are
distributed at the pore edges and on top of the Si surface.
While some Ag nanoparticles can also enter the pores, this
could not be directly confirmed from secondary-electron-
imaging (SEI) cross-sectional images in Figure 2d due to the
similar sizes of the nanopores and the Ag nanoparticles.[*!*’!
No change in the Ag nanoparticle morphology was apparent
when 2-ABT was adsorbed to make b-Si/Ag/2-ABT (ES in
Figure 2¢ and f) after methanol rinsing, indicating that the
adsorbed layer is too thin to be observed by SEI-SEM.

To further explore the distribution of Ag and 2-ABT,
other physicochemical methods were applied. Ag nanopar-
ticles with a range of diameters could be qualitatively
distinguished by the back-scattered-electron-imaging (BSE)
SEM, which provides contrast according to the atomic mass of
particles but with lower spatial resolution as shown in
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Figure 2. Top-view SEI-SEM images, cross-sectional-view SEI-SEM im-
ages and BSE-SEM images of b-Si (E3), b-Si/Ag (E4), and b-Si/Ag/2-
ABT (E5) and an energy-dispersive X-ray spectrum (g) of b-Si/Ag/2-
ABT. a),d) for b-Si; b),e),h) for b-Si/Ag; and c),f),i),g) for b-Si/Ag/2-
ABT.
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Figure 2h,i. The diameters of the Ag nanoparticles that
appeared in these images were approximately 50 nm, which is
consistent with the diameters of those on top. Energy-
dispersive X-ray spectroscopy (EDS) in the SEM system
was used to confirm the adsorption of 2-ABT molecules by
monitoring the appearance of Ag, N and S signals, as shown in
Figure 2g. The apparent content of elemental Ag was very
low (0.3 atom %) and close to the value found for b-Si/Ag in
Figure S6. While EDS analysis is not quantitative and is
complicated by the porous structure of the electrode, it
provides clear evidence for the presence of N and S in the b-
Si/Ag/2-ABT samples, as shown in Figure 2 ¢g; in contrast, no
N or S signal was detectable with b-Si/Ag (Figure S6).
Although the surface is porous (Figure2c), all elements
appear evenly distributed as shown in Figure S7, confirming
that both Ag and 2-ABT reside in the pores of the electrode.

More morphological details could be obtained with scraps
from the surface of the Si/Ag/2-ABT electrodes by trans-
mission electron microscopy (TEM), as shown in Figure 3.
The bright-field (BF) TEM image in Figure 3a shows an
arched surface on a scale of several hundred nanometers in b-
Si/Ag/2-ABT, confirming that Ag enters the pores. The bright
spots with diameters ranging from 10 to 100 nanometers in
the High-Angle-Annular-Dark-Field (HAADF) TEM image
(Figure 3b) result from elements of high atomic mass, that is,
Ag. EDS elemental mapping of Si, Ag, N, S is shown in
Figure 3cf. Dense Si is distributed at the bottom of the
structure (Figure 3¢), whereas Ag nucleates on the surface of
Si and grows into larger particles (up to 100 nm in Fig-
ure 3b,d). Note that the elemental distribution of S and N
from 2-ABT is coincident with that of Ag, but not with that of
Si. The core-shell structure of Ag-ABT in Si/Ag/2-ABT

Figure 3. Transmission electron microscopy (TEM) analysis of b-Si/Ag/
2-ABT. Low-magnification images: a) BF-STEM, b) HAADF-STEM im-
ages; Relative EDS mapping of c) Si, d) Ag, ) S, and f) N; High-
resolution TEM images: g) Si/Ag/2-ABT at 10 nm scale, h) Magnified
image, showing an approximately 3 nm thick amorphous layer (indi-
cated by the broken line) of Ag and 2-ABT; i) Si without Ag.
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electrodes was confirmed by high-resolution TEM
(HRTEM), as shown in Figure 3g,h. No amorphous layer
was evident on the surface of unmodified Si as shown in
Figure 31, whereas an Ag nanoparticle identified by its (220)
lattice fringes with an amorphous overlayer of approximately
3 nm thickness could be distinguished the Si substrate with
(400) lattice fringes. A clearer image with an Ag facet (111)
on Si (400) is shown in Figure S8. The core-shell structure
could also be imaged with 500 nm Ag NPs, in which Ag was
covered by an amorphous layer, only around 3 nm of which
remained adsorbed to the Ag surface after rinsing as shown in
Figure S9 and S10. These images are consistent with a strong
covalent interaction between Ag and 2-ABT but a weak
interaction between Si and 2-ABT, in agreement with the IR
data in Figure S1.

The surface modification of b-Si/Ag/2-ABT was further
confirmed by FTIR as shown in Figure 4. Since b-Si/Ag itself
has a complicated IR spectral background, spectra of pl-Si
samples were first recorded for comparison purposes. Spectra
were background corrected by subtracting the relevant
reference spectrum, which is denoted in Figures as (back-
ground). Strong peaks that can be attributed to 2-ABT with
pl-Si/Ag/2-ABT (pl-Si/Ag) (E1, which contains a thick drop-
cast 2-ABT layer) appear at 1303 cm™ for C—C or C-N
stretching, 1248 cm™' for C—C stretching, and 1446 and
1472 cm™ for C=C stretching (Figure S11a and S11b).[4*
These spectral features were not observed with methanol-
rinsed pl-Si (E1) or pl-Si/Ag (E2'), indicating that they come
from the phenyl groups of 2-ABT. Much weaker peaks,
presumably from the molecularly thin 2-ABT layer, appear in
the spectra of b-Si/Ag/2-ABT. In the spectrum of 2-ABT,
peaks at 1584 and 1622 cm™" are typical of NH, scissor and C—
N stretching modes, respectively, whereas only weak peaks at
around 1610 cm™ appear in the b-Si/Ag/2-ABT spectrum.
Also, the peak near 2600 cm™' corresponding to S—H bonding
in 2-ABT is not observed in the spectrum of pl-Si/Ag/2-ABT
in Figure S11c and S11d.®) Comparing the FTIR baseline
spectrum of b-Si/Ag with spectra of pl-Si/Ag/2-ABT and b-Si/
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Figure 4. Background-corrected FTIR spectra (1800-1000 cm™') of pl-
Si/Ag (p!-Si), 2-ABT on pl-Si (pl-Si) before rinsing, pl-Si/Ag/2-ABT (pl-
Si), and b-Si/Ag/2-ABT (b-Si/Ag). Background sample for each trace is
denoted as (background).

Angew. Chem. Int. Ed. 2020, 59, 2—10


http://www.angewandte.org

GDCh
~~—

Research Articles

A | —bsi As b B b-Si
| —b-SilAg i I b-SilAg
~ | —b-SilAg/2-ABT A ~ | 77 b-SilAg/2-ABT
= 3q, = ]
[} Al )
:E i Ag 3:31 ’%
c Ag 3p, N c
2 % 1s s |2
c | c s EuE
— Is s 2 Agm'—
1 | E..I 4p
et |
2p

1200 1000 800 600 400 200

)

B b-Si
| I b-Si/Ag
777 b-Si/Ag/2-ABT

Cls

Si2p

Intensity (a.u.)

375

372 369
B.E. (eV)

366 405

400
B.E. (eV)

0 292 290 288 286 284 282 280 104 102 100 98 96
B.E. (eV) B.E. (eV) B.E. (V)
 {mmosi Ag3d | e [mmvsi Nis [f | mmvs S 2s
B b-Si/Ag B b-Si/Ag I b-Si/Ag

~ | 71 b-si/Ag/2-ABT ~ 1077 b-Si/Ag/2-ABT - [ b-Si/Ag/2-ABT

3 3 =

g S g

21 = )

E | = E

166

395 168 164

B.E. (eV)

162 160

Figure 5. XPS a) survey spectra, and higher resolution spectra in the b) C1s, ) Si2p, d) Ag3d, €) N1s. and f) S2p regions.

Ag/2-ABT (Figure 4), peaks at 1446 cm™', 1472 cm™!, and
1610 cm™" are present in the spectra of both 2-ABT-contain-
ing samples, consistent with adsorption of an ultrathin layer of
2-ABT on Ag.

To better understand the chemical bonding between Ag
and 2-ABT, XPS spectra of b-Si, b-Si/Ag, and b-Si/Ag/2-ABT
were obtained and are shown in Figure 5. Figure 5a shows
XPS survey spectra and contains peaks that can be attributed
to Si, Ag, N, S, and C. All peaks were calibrated with Si,, to
minimize charging effects (Figure Sb). Higher resolution
spectra of the individual elements are shown in Figures 5c—
f. In Figure 5c, the main peak for elemental Si is at 99.5 eV
and a peak at 103.2 eV can be attributed to SiO, on the b-Si/
Ag surface. This peak is nearly absent on the 2-ABT treated
surface, suggesting that the 2-ABT can inhibit the oxidation of
Si to some extent. Both b-Si and b-Si/Ag have peaks
attributable to Ag at 373.9 and 367.9 eV, but the latter sample
shows much higher intensities. This indicates that some
residual Ag remains on the surface of b-Si after initial
etching, and much more is present on b-Si/Ag. Interestingly,
the Ag peaks shift to higher binding energy after 2-ABT
adsorption, suggesting surface oxidation to Ag'*.*! The
obvious peaks for N 1s and S2p in Figure Se,f further confirm
the presence of S and N on the b-Si/Ag/2-ABT surface, which
is consistent with the EDS results. The relative amounts of S
and N on a polished graphite/Ag/2-ABT sample were
calculated as 1.08:1 (Figure S12), which agrees with the
stoichiometric ratio S/N ratio in 2-ABT.

Because Ag exists as nanoparticles on Si surface, the
bonding of a 2-ABT monolayer on Ag was simulated by DFT
calculations using a single Ag atom and then Ag (110) as
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a model surface.*** A rough DFT optimization was per-
formed using the B3LYP functional with Gaussian. The 3—
21G basis set was employed for C, N, H, S, and the SDD basis
set was used for the single Ag atom.*! The Ag-S bond length
was calculated as approximately 0.25 nm which is similar to
that in Ag,S. The Ag-N distance was calculated as approx-
imately 0.23 nm. Based on these parameters, we focused on
the surface structure with the catalytically active Ag (110)
surface.[*’? Before the CASTEP calculations, the reconstruct-
ed Ag(110) surfaces were modeled by supercells (2 x 2) which
included three layers of fcc (110) stacked silver atoms. An
overlayer of 2-ABT was added with a 18-A thick vacuum
layer.”” The use of OTFG norm-conserving pseudopotentials
enabled good convergence at an energy cutoff of 300 eV. The
Brillouin zone of the (2 x2) supercell was first sampled by
a (1x1x1) Monkhorst-Pack grid with fine-quality conver-
gence and ultrafine-quality SCF tolerance. The grids were
finally enlarged to (3 x 4 x 1) to obtain the optimized structure
in Figure S13. The final Ag-S and Ag-N distances were about
2.5 A, indicating a chemical interaction between Ag and 2-
ABT.

Photoelectrochemistry

The b-Si/Ag/2-ABT photocathodes show significantly
enhanced photoelectrochemical performance over unmodi-
fied electrodes in a CO, saturated 0.2mM KHCO; solution
(pH 6.89) (Figure 6). Linear sweep voltammetry curves
(LSVs) were measured in visible light (ca. 66 mWcm™)
provided by white light illumination with a 420 nm cutoff

www.angewandte.org

These are not the final page number

Angewandte

intemationalEdition’y Chemie

g AR


http://www.angewandte.org

GDCh
~~—~

(] ]]]
KRR

1
N
-
=

b-Si/Ag/2-ABT

—
)
:

1

—

-

<
L

7b-Si/Ag Dark

|
n

0 -03 -0.6 -09 -12 -1.5 -1.8
Potential vs RHE (V)

[—=—b-si
——b-Si/Ag r
——b-Si/Ag/2-ABT

-154 n-b-Si/Ag

—
e

-5

Current Density (mA/cmZ) z*  Current Density (mA/cmz) )

== 3
0.0 -03 -06 -09 -12 -1.5 -1.8
Potential vs RHE (V)

—=—b-Si
—a—b-Si/Ag
_15] ——DbSVAg2-ABT

C

o~

£

3

‘3—; —v— n-b-Si/Ag

=

£ _10-

=

-

g 5]

g -5
0 # = T T v
0.0 -03 -06 -09 -1.2 -1.5 -1.8

d Potential vs RHE (V)

€-20

S 1.2

E_IS_ 06 Onset

2

Z _10d 00

2 Y Moo

e —ab-Si

= ——b-Si/Ag

£ 51 psiage-

5 —v- n-b-Si/Ag

0 03 06 00 12 15 -18
Potential vs RHE (V)
Figure 6. a) LSVs of b-Si, b-Si/Ag, b-Si/Ag/2-ABT measured at scan
rate of 50 mVs™' without stirring in 0.2m KHCO; saturated with CO,
under illumination at approximately 66 mWcm~2 with an AM 1.5
filtered spectrum and 420 nm cutoff filter, together with LSVs of
illuminated b-Si/Ag and n-b-Si/Ag in the dark for comparison, b) Simu-
lated LSVs of b-Si, b-Si/Ag, b-Si/Ag/2-ABT (light) and n-b-Si/Ag (dark)
calculated from bulk electrolysis data at fixed potentials and with slow
stirring, ),d) Partial current densities of b-Si, b-Si/Ag, b-Si/ABT (light)
and n-b-Si/ABT (dark) calculated from the Faradaic efficiencies of
c) H, and d) CO production, as measured by GC. The inset shows an
expansion at low overpotential of partial current density for CO,
reduction at b-Si/Ag/2-ABT.

filter. The limiting current density of b-Si reached
18 mAcm 2, which is comparable to that of previous re-
ports.? The current density of b-Si/Ag was 15.5 mAcm™
which is slightly smaller than that of b-Si (also shown in
Figure S14). This loss can be attributed to light absorption by
Ag and possibly also to recombination at the Ag/Si interface.
Not surprisingly, b-Si/Ag/2-ABT gave essentially the same
limiting current density; 2-ABT does not absorb significantly
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in the visible or near-IR region of the spectrum (Figure S3)
and therefore does not affect light absorption by the b-Si
photoelectrode. The current density of b-Si/Ag measured in
the dark was negligible as expected. Although the photo-
voltage shift between b-Si under illumination and n-b-Si in the
dark was calculated as 510 mV in Figure S15, the photo-
voltage shift of b-Si/Ag under illumination and n-b-Si/Ag in
the dark was less, indicating a rapid loss of catalytic activity
during the course of a LSV measurement. In contrast, under
illumination, b-Si/Ag/2-ABT had an onset potential of about
—50mV vs. RHE, around 150 mV more positive than the
onset potential for b-Si/Ag, and more than 200 mV positive of
the onset for b-Si, which gave a calculated photovoltage shift
between b-Si/Ag/2-ABT (light) and n-b-Si/Ag (dark) of
610 mV. This demonstrates that the binding of 2-ABT to the
Ag surface significantly accelerates the kinetics of the photo-
cathode.

The limiting current of approximately 15 mA cm ? repre-
sents the sum of currents for the H, evolution reaction (HER)
and the CO, reduction reaction (CO,RR) to CO, both of
which are overall two electron (i.e., two photon) processes;
the CO, reduction current therefore depends on the relative
rates of the two reactions, which also determine the Faradaic
yield of CO, reduction to CO. To further study the competi-
tion between HER and CO,RR, constant voltage photo-
electrolysis was carried out in a gas-tight reactor at the
relatively slow stirring rate of 200 rpm. Average current
densities were calculated for these 1 h tests and the data are
plotted in Figure 6b. The order of total electrochemical
activities from these data are n-Si/Ag (dark) < b-Si < b-Si/Ag
< b-Si/Ag/2-ABT, which is consistent with the instantaneous
current densities plotted in Figure 6a. The gaseous products
of the bulk electrolysis were collected and quantified by gas
chromatography, using pure H, and CO for calibration. From
these data, partial current densities for HER and CO,RR
were calculated and are plotted as a function of applied
potential in Figures 6¢,d. The simulated LSVs of HER
showed that, under low bias ranging from —0.3 to —0.9 V vs.
RHE, the current density of H, evolution increases and, in the
case of b-Si/Ag/2-ABT, reaches a peak value of around
10 mA cm 2 The onset of hydrogen evolution is more positive
at b-Si/Ag/2-ABT than it is for b-Si/Ag or b-Si, indicating that
the 2-ABT layer facilitates the transport of H to the catalytic
surface. Note that, the onset potential of CO,RR should be
—0.2 V vs. RHE as shown in the inset image in Figure 6d. And
under a bias as high as —1.2 V vs. RHE, the current density of
b-Si/Ag/2-ABT for HER decreased to 5 mAcm™, whereas
that for CO,RR increased to 10 mA cm 2. This indicates that
H* is involved in CO, reduction.”**>*>! The limiting current of
b-Si/Ag/2-ABT for CO, reached 11.7 mA cm 2, which is more
than 50 % higher than that of b-Si/Ag and over 4 times higher
than that of b-Si. Further confirmation of stability at a bias of
—0.9 V vs. RHE is shown in Figure S16a. The reused (aged)
electrodes show both similar photoelectrochemical properties
and similar Faradaic efficiencies to freshly prepared electro-
des in Figure S16b, indicating that b-Si/Ag/2-ABT is both
active and stable for the CO,RR. The SEM image of b-Si/Ag/
2-ABT after the constant voltage test shows no significant
change (Figure S4e).
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Catalytic mechanism

The photoelectrochemical kinetics of the CO,RR and
HER were further interrogated by changing some compo-
nents of the system. The catalytic effects of Ag nanoparticles
can be understood by comparing data from p-type b-Si and b-
Si/Ag photoelectrodes as shown in Figure S14. The porous b-
Si electrodes containing only trace Ag from the etching
process (Figure 5d) have poor kinetics for CO, reduction, as
shown in Figure S14b, indicating that the Ag nanoparticles
are the active catalyst for CO, reduction.”™ As a supporting
light absorber, the porous architecture of the b-Si electrode
can have several effects. The higher surface area of b-Si
affects the catalytic surface area, the recombination rate and
the dark current density. The improved light absorbing and
catalyst loading properties of b-Si relative to pl-Si are evident
in Figures S14a and S14c, as already reported in our previous
studies."**! The porous structure can affect the transport of
protons, resulting in higher Faradaic efficiency for the
CO,RR, as reported by Hall, et al. with porous gold electro-
desP? In order to evaluate the relative importance of
photoelectrocatalysis inside the pores of b-Si/Ag, we polished
the top surface of Ag-loaded b-Si with polyimide tape, paper
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and water/acetone solution in turn to remove Ag nano-
particles from the top surface. The limiting current density of
CO at these polished b-Si/Ag was about 75 % of that obtained
without polishing (Figure S12d), suggesting that Ag nano-
particles within the pores are the primarily site of photo-
electrocatalysis in b-Si/Ag, and that there is relatively little
effect of the pore structure on proton transport at photo-
electrochemical current densities.

The most intriguing effect we observe is the acceleration
of both the CO,RR and HER by adsorption of 2-ABT
(Figure 7).To gain a better understanding of this effect, we
carried out control experiments by using aniline (AP),
thiophenol (TP) and 4-ABT, which is the para isomer of 2-
ABT, as electrode modifiers. Although adsorption of all four
molecules lowered the photocurrent onset potential relative
to unmodified b-Si/Ag, only AP gave a comparable onset
potential to 2-ABT (Figure 7b—f). While these molecules
could be bound to the Ag surface through either their -NH, or
-SH groups, it is interesting to note that 4-ABT and TP have
comparable effects to each other and much less effect than 2-
ABT or AP. This suggests that surface coordination through
thiol groups is controls the orientation of the 4-ABT, 2-ABT,
and TP molecules, and that the proximity of the amino group
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Figure 7. a) LSVs of b-Si/Ag, b-Si/Ag/AP, b-Si/Ag/TP. b-Si/Ag/4-ABT, and b-Si/Ag/2-ABT, column graph of Faradaic efficiency with b) no
modification, c) aniline (AP), d) thiophenol (TP), e) 4-aminobenzenethiol (4-ABT) and f) 2-aminobenzenethiol (2-ABT) for CO,RR and HER,
calculated from bulk electrolysis GC data at each potential. Relevant molecular structures are shown at the right in each case.

Angew. Chem. Int. Ed. 2020, 59, 2—10

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

These are not the final page numbers

Angewandte

Chemie

111
(AR


http://www.angewandte.org

GDCh
~~—~

to the electrode surface (2-ABT and AP) is important in
photoelectrocatalysis of the CO,RR and HER.["l The com-
parable behavior of 4-ABT and TP is consistent with this
hypothesis: thiol coordination of Ag positions the NH, group
of 4-ABT away from the electrode surface, and TP lacks an
amino group. On the other hand, the ortho arrangement of
thiol and amino groups in 2-ABT positions the NH, group
near the surface. The exact role of the NH, group in
electrocatalysis is unclear. It could potentially mediate proton
transfer, or bind CO, as a carbamate intermediate. The fact
that adsorption of either 2-ABT or AP accelerates both the
HER (as well as the CO,RR) suggests that mediation of
proton transfer is important, as it is in other CO,RR catalyst
schemes that position amines near a catalytic metal center. In
order to test the generality of the effect of primary amine
electrode modifiers, we also experimented with N,H, treat-
ment, which initially gave an anodic shift in photocurrent
onset similar to that of 2-ABT, Figure S17. Presumably in this
case the hydrazine molecule is anchored to the Ag surface by
one or both -NH, groups. However, the effect is transient,
possibly because the molecule desorbs or decomposes after
the first scan.

To gain insight into the bonding of thiol and amino groups
to the Ag surface, water contact angles were measured on pl-
Si/Ag with the four different electrode modifiers, and the data
are shown in Figure S18. HF-treated pl-Si was hydrophobic,
as expected from Si—H surface termination. Modification by
Ag nanoparticles made the surface more hydrophilic and
adsorption of the four electrode modifiers had relatively small
effects, with all contact angles in the range of 50-60°. From
this we can conclude that the different effects of the four
electrode modifiers were not a consequence of the ability of
water to penetrate the pores of b-Si, that is, hydrophilicity is
not the decisive factor in this experiment.

To test the hypothesis that 2-ABT interacts with CO,
through covalent (e.g., carbamate) or noncovalent interac-
tions, Ag NPs with diameters ranging from 500 nm to 1 um
were modified with 2-ABT and the adsorption of CO, was
measured at room temperature and low pressure. With the
BET surface area calibrated with N, adsorption, the amount
of CO, adsorbed on Ag/2-ABT nanoparticles is much higher
than that on unmodified Ag nanoparticles, as shown in
Figure S19. Although the saturation values (q,=1.5x
10~ molcm™?) are roughly same for both Ag/TP and Ag/2-
ABT, CO, has a stronger affinity for the 2-ABT modified
surface, resulting 10 times higher capacity than bare Ag at
1 atm CO, pressure.

Conclusion

This study demonstrates that porous p-type b-Si/Ag is an
effective photoelectrode for the reduction of CO, to CO.
Interestingly, the adsorption of ultrathin 2-ABT accelerates
both the CO,RR and HER at the catalytic Ag surface. Based
on control experiments carried out with structurally related
aromatic amines and thiols, we can tentatively conclude that
the molecule binds the Ag surface through its thiol group and
the amino group in the ortho position plays a role in
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facilitating transport of CO, and protons to the metal surface.
Further studies are needed to understand the structure of
surface-adsorbed 2-ABT and the mechanistic details of the
photoelectrochemical reduction of CO,.
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