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Featured Application: The new structure of reduced Ag/TiO2/p-Si photocathode has the potential
to photoelectrochemically reduce CO2 to syngas for practical applications.

Abstract: The photoelectrochemical reduction of CO2 to syngas that is used for many practical
applications has been emerging as a promising technique to relieve the increase of CO2 in the
atmosphere. Si has been considered to be one of the most promising materials for photoelectrodes,
but the integration of electrocatalysts is essential for the photoelectrochemical reduction of CO2 using
Si. We report an enhancement of catalytic activity for CO2 reduction reaction by Ag catalysts of
tuned morphology, active sites, and electronic structure through reducing anodic treatment. Our
proposed photocathode structure, a SiO2 patterned p-Si photocathode with these reduced Ag catalysts,
that was fabricated using electron-beam deposition and electrodeposition methods, provides a low
onset-potential of −0.16 V vs. the reversible hydrogen electrode (RHE), a large saturated photocurrent
density of −9 mA/cm2 at −1.23 V vs. RHE, and faradaic efficiency for CO of 47% at −0.6 V vs. RHE.
This photocathode can produce syngas in the ratio from 1:1 to 1:3, which is an appropriate proportion
for practical application. This work presents a new approach for designing photocathodes with a
balanced catalytic activity and light absorption to improve the photoelectrochemical application for
not only CO2 reduction reaction, but also water splitting or N2 reduction reaction.

Keywords: photoelectrochemical; CO2 reduction reaction; Ag catalysts; Si photocathode;
syngas production

1. Introduction

The uncontrollable increase of CO2 in the atmosphere by the excessive consumption of fossil fuels
has become an urgent environmental issue in the world, as it has been considered a primary cause of
global warming [1–4]. Because of this reason, the conversion of CO2 to useful low carbon fuels has
attracted considerable research interest [5–7]. Among the various methods, the photoelectrochemical
(PEC) reduction of CO2 has been regarded as a promising strategy because it utilizes solar energy
and water to reduce CO2, which mimics natural photosynthesis [8,9]. Depending on the catalysts
and conditions, diverse chemicals, such as carbon monoxide, formic acid, or hydrocarbons can be
produced [10–15]. In aqueous electrolytes, the competitive hydrogen evolution reaction, which
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produces hydrogen gas, may occur together with the CO2 reduction reaction. Therefore, syngas
(synthesis gas, CO, and H2 mixtures) can be obtained in aqueous electrolytes, which is a critical C1
feedstock for practical applications, including Fischer–Tropsch synthesis, methanol synthesis, and
syngas fermentation [16,17].

In the PEC system, many kinds of semiconductors, such as Si, oxide, nitride, and sulfide, have
been studied for highly efficient PEC CO2 reduction reactions [8,18–23]. Among the semiconductors,
p-Si is known as one of the most promising materials for photocathodes because of its narrow bandgap
of 1.1 eV, earth abundance, and high-level processing technique. However, unfortunately, since the
catalytic activity of Si for CO2 reduction reaction is poor, a high over-potential is needed to reduce CO2

on Si photocathodes [18,24]. Therefore, for highly efficient syngas production using an Si photocathode,
catalysts that have high catalytic activity for a CO2 reduction reaction are essential. Metals such as Au
and Ag have been known to promote the conversion of CO2 to CO by electrochemical reduction in
aqueous electrolytes [11,25–27]. Furthermore, the catalytic activity of these metals varies depending on
the size of catalysts, morphology, crystallinity, oxidation states of metal catalysts [11,28–31]. Kanan’s
group first demonstrated the enhancement of catalytic activity for CO2 reduction reaction of metal
catalysts by tuning the nanostructure and the oxidation states of metals through electrochemical
reduction of metal oxides in 2012 [11,32,33]. The oxide derived Au electrode exhibited remarkable
performance, with a very low over-potential of 140 mV and high selectivity for CO production of 98%.
However, although Au electrodes have better catalytic activity than Ag electrodes, their application on
the industrial scale is difficult because of the high cost of Au metal. For this reason, many kinds of
electrochemical treatments on Ag electrodes have been studied as replacement of Au electrodes, such as
oxide-derived Ag [34], Ag2CO3-derived Ag [35,36], AgCl-derived Ag [37], and AgBr-derived Ag [38].
With these Ag catalysts, efficient and low-cost PEC CO2 reduction to syngas using Si photocathodes
could be realized. However, because Ag catalysts inhibit the light absorption onto Si photocathode,
there is a trade-off between the selectivity for CO and the light absorption. Therefore, an appropriate
structure for photocathodes is needed [8,18].

In this study, we demonstrate the enhancement of Ag catalysts by reducing anodic (RA) treatment
applied on p-Si photocathodes for efficient PEC CO2 reduction to produce syngas in an aqueous
electrolyte. Through the RA treatment, the properties of Ag catalysts, such as morphology, active sites,
and electronic structure, are tuned to achieve high catalytic activity for the CO2 reduction reaction.
Furthermore, we propose a new structure for photocathode using SiO2 patterning, which balances the
catalytic activity for CO2 reduction reaction and light absorption onto the Si photocathode. Figure 1a
shows the schematic of the proposed photoelectrochemical reduction of CO2 into syngas on the reduced
Ag (R-Ag)/TiO2/p-Si photocathode. The R-Ag/TiO2/p-Si photocathode provides a low onset potential of
−0.16 V vs. RHE (reversible hydrogen electrode), a large saturated photocurrent density of −9 mA/cm2

at −1.23 V vs. RHE. Finally, the syngas in ratio from 1:1 to 1:3 that can be used to practical application
is produced depending on the various applied potentials.
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Figure 1. (a) Schematic of the proposed photoelectrochemical reduction of CO2 into syngas on
R-Ag/TiO2/p-Si photocathode. Scanning electron microscopic (SEM) images of (b,c) Ag catalysts on
TiO2/p-Si photocathode and (d,e) R-Ag catalysts on TiO2/p-Si photocathode.
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2. Materials and Methods

2.1. Synthesis

2.1.1. Fabrication of Ag/TiO2/p-Si Photocathode and SiO2 Patterned Ag/TiO2/p-Si Photocathode

A p-Si wafer (0.01–0.1 Ω-m, <100> plane, DASOMRMS Co., Ltd., Korea) was cleaned in acetone,
isopropyl alcohol, and deionized (DI) water, using ultrasonication. The water was purified by a water
purification system (Human Power, Human Co, Ltd., 183 KΩ-m, Korea) for DI water. The cleaned
p-Si wafer was soaked for 1 min in 5% hydrofluoric acid (HF) to etch the native SiO2 layers. Then,
a 5 nm thick TiO2 thin film was deposited using an electron-beam evaporator (KVE-E2004L, KOVA,
Korea). Subsequent heat treatment was conducted for TiO2/p-Si substrates in a tube furnace at 350 ◦C
for 30 min under N2. For SiO2 patterned Ag/TiO2/p-Si photocathode, after deposition of TiO2 thin film,
a patterned 500 nm-thick SiO2 was deposited using the electron-beam evaporator, using a patterning
mask (Supplementary Figure S1a). The patterning mask has square holes of 500 µm in length, and their
total area is 50% of the total area of the mask. Before the electrodeposition, a Cu wire was connected to
the scratched backside of the TiO2/p-Si substrate using an In-Ga alloy (Sigma Aldrich) and silver paste.
Then, except for the active area of 1 × 1 cm, the whole surface of the TiO2/p-Si surface was covered
with an adhesive Kapton tape to prevent contact with the electrolyte.

The solution for the deposition of Ag is prepared from 5 mM AgNO3, 50 mM NaNO3, which
were dissolved in DI water. The Ag catalysts were electrodeposited on the TiO2/p-Si electrodes in a
standard three-electrode system with a Pt mesh as a counter electrode and Ag/AgCl (sat. KCl) as a
reference electrode. The deposition of Ag was performed by applying −0.1 V vs. Ag/AgCl on the
working electrode for 15 min. Then, the electrodeposited samples were rinsed with DI water.

2.1.2. RA Treatment for R-Ag/TiO2/p-Si Photocathode and SiO2 Patterned R-Ag/TiO2/p-Si
Photocathode

The RA treatment was performed on (SiO2 patterned) Ag/TiO2/p-Si photocathodes in
CO2-saturated 0.1 M KHCO3 electrolyte (pH 6.7) in a two-compartment H-type electrochemical
cell with a Pt mesh counter electrode and an Ag/AgCl (sat. KCl) reference electrode. Symmetric 50 Hz
square-wave pulses between 1.3 V and 0.1 V were applied for 60 min. After pulsed anodization, the
reduction of Ag catalysts was conducted at −0.6 V vs. RHE for 10 min.

2.2. Materials Characterization

The morphology of the fabricated photocathodes was studied using FE-SEM (SUPRA 55VP), with
an acceleration voltage of 2 kV and the working distance of 3.5 mm. The structural study of Ag and
R-Ag on a TiO2/p-Si photocathode was confirmed by a Bruker D8 advance diffractometer, equipped
with a Cu Kα source. XPS analysis was carried out using an instrument (SIGMA PROBE ThermoFisher
Scientific, UK) at a base pressure of 5 × 10−10 mbar at 300 K using monochromatic Al Kα radiation
(1486.6 eV) generated from an electron beam operated at 15 kV. The binding energy (BE) scale was
calibrated with the C 1s peak being at 284.5 eV. The spot size was about 400 µm.

2.3. Electrochemical Characterization

The PEC measurements (Ivium Technologies, Nstat, Netherlands) were carried out with
a three-electrode system with a Pt mesh as a counter electrode and an Ag/AgCl (sat. KCl)
reference electrode in a CO2 saturated KHCO3 electrolyte. All measurements are conducted in
the two-compartment H-type electrochemical cell with a piece of proton exchange membrane (Nafion®

117, Sigma-Aldrich) as the separator. Before measurement, the electrolytes in the H-type cell were
purged with CO2 gas for at least 30 min. A Xe arc lamp used as a light source was calibrated to 1 sun
(100 mW/cm2, AM 1.5 G) using a reference photodiode. For the linear sweep with a cathodic direction,
a scan rate of 20 mV/s was used. The measured current density was normalized to the electrode



Appl. Sci. 2020, 10, 3487 4 of 11

geometrical area. The measured potential vs. Ag/AgCl was converted to the RHE scale according to
the Nernst equation:

ERHE = EAg/AgCl + 0.059× pH + E0
Ag/AgCl (1)

where ERHE is the potential vs. RHE, E0
Ag/AgCl = 0.198 V at 25 ◦C, and EAg/AgCl is the measured potential

vs. the Ag/AgCl reference electrode.
The evolved gas was analyzed using gas chromatography (Agilent GC 7890B, Agilent Technologies,

Inc., United States) connected to the cathodic compartment of an H-type electrochemical cell while
a constant potential was applied. A 20.0 sccm rate of CO2 gas was delivered into the cathodic
compartment and vented into the gas sampling loop of the GC. The GC was equipped with a
micropacked column (ShinCarbon ST 100/120), a thermal conductivity detector (TCD), and a flame
ionization detector (FID), with argon as the carrier gas. The faradaic efficiency was calculated according
to the following equations:

jCO =
peak area o f CO

α
× f low rate×

2Fp0

RT
× (electrode area)−1 (2)

jH2 =
peak area o f CO

β
× f low rate×

2Fp0

RT
× (electrode area)−1 (3)

F.E.CO = jCO/ jmeasured (4)

F.E.H2 = jH2 / jmeasured (5)

where α and β are conversion factors for CO and H2, respectively, based on calibrations of the GC with
a standard sample, p0 = 101.325 kPa, and T = 298.15 K.

To compare the electrochemical surface area, double layer capacitance of R-Ag and Ag catalysts
was measured on TiO2/p-Si substrate in 0.1 M KHCO3 electrolytes according to previously published
method [39]. The charging current was measured from the CVs at different scan rates (10–100 mV s−1).
The relation between the double layer capacitance, the charging current, and the scan rate is given
Equation (6).

ic = vCDL (6)

where ic, v, and CDL are charging current, scan rate, and double layer capacitance, respectively.

3. Results and Discussion

The Ag/TiO2/p-Si photocathode is synthesized by using the combination of electron-beam
deposition and electrodeposition method. At first, a TiO2 thin-film was deposited on p-Si substrate
with 5 nm thickness using an electron-beam evaporator. The obtained TiO2/p-Si substrate was annealed
in a tube furnace at 350 ◦C for 30 min under N2 atmosphere. After that, Ag catalysts are deposited on
the TiO2/p-Si substrate through the electrodeposition method. For the fabrication of R-Ag/TiO2/p-Si,
electrochemical RA treatment was conducted on the Ag/TiO2/p-Si substrate. A Field-emission scanning
electron microscopy (FE-SEM) was conducted to investigate the surface morphology changes induced
by the RA treatment. Figure 1b–e shows the SEM images of the fabricated Ag/TiO2/p-Si photocathode
and R-Ag/TiO2/p-Si photocathode. Figure 1b,c shows the morphology of Ag/TiO2/p-Si photocathode,
which presented Ag particles of several hundred nanometers to micrometers in size have polygonal
shapes. After pulsed anodization, the particles are merged into bigger particles randomly shaped
(Supplementary Figure S2). However, as shown in Figure 1d,e, the reduction of Ag particles turned the
Ag particles to change into the porous-like nanostructures on R-Ag/TiO2/p-Si photocathode. Compared
with the Ag/TiO2/p-Si photocathode, the surface area of R-Ag/TiO2/p-Si photocathode was enlarged,
and the flat surface of Ag particles was changed into the rough surface. To estimate the change of
surface area, the double layer capacitance (Cdl) at the solid/liquid interface for R-Ag/TiO2/p-Si and
Ag/TiO2/p-Si photocathodes was measured by the cyclic voltammetry technique using different scan
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rates as shown in Figure S3a,b. Supplementary Figure S3c shows that the R-Ag/TiO2/p-Si photocathode
exhibited a higher Cdl of 0.18 mF cm−2 than the Ag/TiO2/p-Si photocathode of 0.018 mF cm−2, indicating
that more active surface area has increased through the RA treatment.

To investigate the changes of the crystalline structure after RA treatment, the Ag/TiO2/p-Si
photocathode and the R-Ag/TiO2/p-Si photocathode were analyzed by X-ray diffraction (XRD). Figure 2a
displays the XRD patterns of the Ag and R-Ag catalysts on TiO2/p-Si photocathodes. XRD patterns
for these two photocathodes show 2θ reflection peaks at 38.2◦, 44.5◦, 64.5◦, and 77.5◦ which all
correspond to diffractions along the (111), (200), (220), and (311) planes of the face-centered cubic Ag
crystal structure. The Ag/TiO2/p-Si photocathode has the intense (111) peak, suggesting a preferred
crystal orientation. However, XRD patterns for R-Ag/TiO2/p-Si photocathode became more randomly
powder-like Ag reference peaks with relative increase of (200), (220), and (311) peaks compared to the
Ag/TiO2/p-Si photocathode. Therefore, it was confirmed that not only the morphology was changed,
but also the crystallinity of the Ag catalysts through RA treatment. Previously, the catalytic activity
for electrochemical CO2 reduction to CO was higher on the (110) plane than on (111) or (100) planes,
because of higher density of undercoordinated active sites [31,40]. For face-centered cubic structures,
(110) plane cannot be observable in XRD patterns because the (110) reflection does not occur. Assuming
that the amount of the (110) plane exists in proportion to that of the (220) plane, it can be deduced
that the amount of the (110) plane is increased in the R-Ag/TiO2/p-Si photocathode after RA treatment.
Therefore, it is expected that the electrochemical reduction of CO2 efficiency can be enhanced by RA
treatment due to an increase of the active sites on (220) planes.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 11 

by the cyclic voltammetry technique using different scan rates as shown in Figure S3a–b. 

Supplementary Figure S3c shows that the R-Ag/TiO2/p-Si photocathode exhibited a higher Cdl of 0.18 

mF cm−2 than the Ag/TiO2/p-Si photocathode of 0.018 mF cm−2, indicating that more active surface 

area has increased through the RA treatment.  

To investigate the changes of the crystalline structure after RA treatment, the Ag/TiO2/p-Si 

photocathode and the R-Ag/TiO2/p-Si photocathode were analyzed by X-ray diffraction (XRD). 

Figure 2a displays the XRD patterns of the Ag and R-Ag catalysts on TiO2/p-Si photocathodes. XRD 

patterns for these two photocathodes show 2θ reflection peaks at 38.2°, 44.5°, 64.5°, and 77.5° which 

all correspond to diffractions along the (111), (200), (220), and (311) planes of the face-centered cubic 

Ag crystal structure. The Ag/TiO2/p-Si photocathode has the intense (111) peak, suggesting a 

preferred crystal orientation. However, XRD patterns for R-Ag/TiO2/p-Si photocathode became more 

randomly powder-like Ag reference peaks with relative increase of (200), (220), and (311) peaks 

compared to the Ag/TiO2/p-Si photocathode. Therefore, it was confirmed that not only the 

morphology was changed, but also the crystallinity of the Ag catalysts through RA treatment. 

Previously, the catalytic activity for electrochemical CO2 reduction to CO was higher on the (110) 

plane than on (111) or (100) planes, because of higher density of undercoordinated active sites [31,40]. 

For face-centered cubic structures, (110) plane cannot be observable in XRD patterns because the (110) 

reflection does not occur. Assuming that the amount of the (110) plane exists in proportion to that of 

the (220) plane, it can be deduced that the amount of the (110) plane is increased in the R-Ag/TiO2/p-

Si photocathode after RA treatment. Therefore, it is expected that the electrochemical reduction of 

CO2 efficiency can be enhanced by RA treatment due to an increase of the active sites on (220) planes. 

 

Figure 2. Characterization of Ag and R-Ag catalysts on TiO2/p-Si photocathodes. (a) XRD patterns and 

(b) XPS spectrum of the Ag catalysts (blue) and R-Ag catalysts (red) on TiO2/p-Si photocathode. 

Furthermore, the electronic structures of the Ag and R-Ag on TiO2/p-Si photocathode were 

analyzed through X-ray photoelectron spectroscopy (XPS). XPS survey spectra for Ag and R-Ag on 

TiO2/p-Si photocathode was shown in Supplementary Figure S4. In Figure 2b, for Ag/TiO2/p-Si 

photocathode, the Ag 3d5/2 peak and Ag 3d3/2 peak were observed at 368.2 eV and 374.2 eV, 

respectively. Also, R-Ag/TiO2/p-Si photocathode has Ag 3d peaks at 368 eV and 374 eV, which are 

assigned to Ag 3d5/2 and Ag 3d3/2 peaks, respectively. The Ag 3d peaks could be deconvoluted into 

one main peak, which shows there is only metallic Ag. However, the Ag 3d peaks of the R-Ag/TiO2/p-

Si photocathode were slightly shifted to lower binding energy than that of the Ag/TiO2/p-Si 

photocathode. The negative shifts of core-level binding energy are induced by increased electron 

density on the Ag surface by intermetallic electron transfer, which is reported to improve the catalytic 

activity for electrochemical CO2 reduction to CO on Ag catalysts [36,41]. Rodriguez et al. have shown 

that a decrease in core-level binding energy causes strong chemisorption of CO because the high 

electron density of host metal facilitates π-backdonation into adsorbed CO [42]. As a result, the 

negative shift in core-level binding energy stabilizes the most important reaction intermediate 

Figure 2. Characterization of Ag and R-Ag catalysts on TiO2/p-Si photocathodes. (a) XRD patterns and
(b) XPS spectrum of the Ag catalysts (blue) and R-Ag catalysts (red) on TiO2/p-Si photocathode.

Furthermore, the electronic structures of the Ag and R-Ag on TiO2/p-Si photocathode were
analyzed through X-ray photoelectron spectroscopy (XPS). XPS survey spectra for Ag and R-Ag
on TiO2/p-Si photocathode was shown in Supplementary Figure S4. In Figure 2b, for Ag/TiO2/p-Si
photocathode, the Ag 3d5/2 peak and Ag 3d3/2 peak were observed at 368.2 eV and 374.2 eV, respectively.
Also, R-Ag/TiO2/p-Si photocathode has Ag 3d peaks at 368 eV and 374 eV, which are assigned to Ag
3d5/2 and Ag 3d3/2 peaks, respectively. The Ag 3d peaks could be deconvoluted into one main peak,
which shows there is only metallic Ag. However, the Ag 3d peaks of the R-Ag/TiO2/p-Si photocathode
were slightly shifted to lower binding energy than that of the Ag/TiO2/p-Si photocathode. The negative
shifts of core-level binding energy are induced by increased electron density on the Ag surface by
intermetallic electron transfer, which is reported to improve the catalytic activity for electrochemical
CO2 reduction to CO on Ag catalysts [36,41]. Rodriguez et al. have shown that a decrease in core-level
binding energy causes strong chemisorption of CO because the high electron density of host metal
facilitates π-backdonation into adsorbed CO [42]. As a result, the negative shift in core-level binding
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energy stabilizes the most important reaction intermediate (COOH*) on Ag catalysts due to the scaling
relation. Therefore, due to the downshift of the binding energy by the RA treatment, the performance
improvement of electrochemical CO2 reduction to CO can occur on the R-Ag catalysts compared to Ag
catalysts on TiO2/p-Si photocathodes.

For PEC measurement, the 500 nm thick patterned SiO2 layer was deposited on TiO2/p-Si
substrates using a patterning mask (Supplementary Figure S1a), followed by electrodeposition of Ag
catalysts in the same procedure mentioned earlier. In Supplementary Figure S1b,c, Ag catalysts were
electrodeposited only on the SiO2-free surface of the TiO2/p-Si substrate, allowing light absorption to
Si through the SiO2 portion. The high electronic potential barrier is formed at the TiO2/SiO2 interface
due to the high band gap of SiO2, so electrons for electrodeposition of Ag+ ion to Ag cannot be move
to the electrolyte. Therefore, Ag catalysts are only deposited on the SiO2-free surface.

The PEC properties of the R-Ag on TiO2/p-Si, Ag on TiO2/p-Si, TiO2/p-Si, and p-Si photocathodes
were measured with a three-electrode system in CO2 saturated 0.1 M KHCO3 electrolytes under AM
1.5 G illumination. Figure 3a displays the PEC current densities of the photocathodes plotted as a
function of potential vs. RHE. The black lines indicate the dark current, which show negligible currents
flows in the dark condition. As in the previous report [43], when the onset potential means a voltage
generating a photocurrent of −0.6 mA/cm2, the p-Si photocathode is found to have the largest onset
potential of −0.54 V vs. RHE. The TiO2/p-Si photocathode has a slightly enhanced onset potential of
−0.42 V vs. RHE and larger photocurrent, which is attributed to a heterojunction formed with p-Si and
n-TiO2 [44]. On the other hand, the two Ag-electrodeposited photocathodes exhibit the significantly
lowered onset potential, and the R-Ag/TiO2/p-Si photocathode exhibits the lowest onset potential
of −0.16 V vs. RHE, which is 100 mV lower than that of the Ag/TiO2/p-Si photocathode. After the
onset potential, the photocurrent density of the R-Ag/TiO2/p-Si photocathode gradually rises with
the applied potential and is saturated to −9 mA/cm2 at −1.23 V vs. RHE, which is superior to that of
the Ag/TiO2/p-Si photocathode. Compared to the p-Si and TiO2/p-Si photocathodes, the photocurrent
density of Ag catalysts electrodeposited photocathodes is reduced due to the Ag particles that inhibited
the light absorption by the light absorber, but an enhancement of the catalytic activity occurs on the
Ag catalysts.
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(e) −0.6 V, and (f) −0.9 V.
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To obtain faradaic efficiency, chronoamperometric measurements were conducted at potentials
between −0.4 and −0.9 V vs. RHE while gas products are analyzed three times at each potential
using gas chromatography (GC). The faradaic efficiency is calculated based on Equations (2)–(5) using
the corresponding chronoamperometry (i–t) curves in Figure 3c–f. The average values of calculated
faradaic efficiency for CO were plotted against the potential, as shown in Figure 3b. The p-Si and
TiO2/p-Si photocathodes have a very low faradaic efficiency of less than 5% at all the measured
potentials in Supplementary Figure S5, because Si has poor CO2 reduction reaction catalytic activity
and TiO2 has catalytic properties for hydrogen evolution reaction [18,44]. Although Ag catalysts were
introduced, it is confirmed that the Ag/TiO2/p-Si photocathode still exhibit a low selectivity. However,
with the RA treatment of Ag catalysts, the selectivity for CO is considerably improved at R-Ag/TiO2/p-Si
photocathode, as shown in Figure 3b. At the low potential of −0.2 V vs. RHE, the R-Ag/TiO2/p-Si
photocathode has a faradaic efficiency of 27%. With the increasing applied potential, the CO selectivity
gradually rose and reached 47% at −0.6 V vs. RHE, and decreased beyond the peak potential. Before
the potential region of −0.6 V vs. RHE, the hydrogen evolution reaction is suppressed by CO adsorbed
on Ag catalysts, causing the faradaic efficiency for CO to increase [31]. However, beyond the −0.6 V vs.
RHE, the faradaic efficiency for CO decreased. This is due to reaching the mass transport limitation
of CO2 by the low concentration of CO2 in the aqueous electrolyte at higher over-potential [45]. In
Figure 3c–f, the photocurrent density on the R-Ag/TiO2/p-Si photocathode is larger than that on the
Ag/TiO2/p-Si photocathode over all measured potential. This is due to the enlarged active sites by
morphology changes. Furthermore, the enhancement of faradaic efficiency for CO is attributed to
the increased (110) planes and lower binding energy of R-Ag catalysts as mentioned before. The
undercoordinated surface atom on (110) planes and lowered binding energy of R-Ag could facilitate
the stabilization of the key reaction intermediate (COOH*).

The best-performing R-Ag/TiO2/p-Si photocathode can synthesis syngas with ratios from 1:3 to
1:1 depends on the applied potentials, as shown in Figure 4a. At −0.4 V vs. RHE, the photocathode
produces 10.1 mol/s·cm2 of syngas at a ratio of 1:2, which is suitable feedstock for the process of
methanol production [46]. Also, the syngas with a ratio of 1:1 is produced at a rate of 18.6 mol/s·cm2 at
−0.6 V vs. RHE, which can be used for the Fischer-Tropsch synthesis [47]. Furthermore, the stability
test was conducted at −0.4 V vs. RHE for the R-Ag/TiO2/p-Si photocathode. Supplementary Figure S6
shows the excellent stability for the R-Ag/TiO2/p-Si photocathode indicating no significant decreases in
both current density and faradaic efficiency for CO.
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This PEC performance for syngas production on Ag catalysts is realized by using the model
proposed here. Figure 4b shows the schematic of our proposed model of photocathode for CO2

reduction. This model, patterning SiO2 layer and filling the remaining region with Ag catalysts using
the electrodeposition method, can allow the light absorption through the SiO2 layer and promote the
CO2 reduction reaction on Ag catalysts.

This is attributed to the energy band structure of the photocathode, as shown in Figure 4c,d. The
band diagrams were drawn based on the previously reported flat band diagrams [44,48–50] (Figure S7).
SiO2 is an insulating material, and thus has a high band gap. Due to the intrinsic energy band
property of SiO2, the high electronic potential barrier is formed at the Ag/SiO2 interface, which blocked
transportation of the electrons to electrolyte for reaction. On the other hand, since Ag particles have
metallic properties, the electrons are easily transferred through Ag particles to electrolyte. Therefore,
the electrochemical reaction only occurs at the R-Ag catalysts, which improves the efficiency of CO2

reduction reaction. Furthermore, this model can be adapted to other catalysts, so it can be seen as a
promising model for photocathode on PEC CO2 reduction study.

4. Conclusions

In this article, we report for the reduced Ag catalysts on TiO2/p-Si photocathodes for PEC
CO2 reduction to produce syngas. The R-Ag/TiO2/p-Si photocathode has been synthesized by
using the combination of electron-beam deposition method, electrodeposition, and electrochemical
anodization/reduction treatment. The morphology, active sites, and electronic structure of Ag catalysts
are modified by the RA treatment to achieve the high catalytic activity for the CO2 reduction reaction.
The new model using a patterned SiO2 layer can allow the light absorption onto light absorber and
facilitate the CO2 reduction reaction on Ag catalysts. The best performing photocathode provided the
lowest onset potential of −0.16 V vs. RHE, with a large saturated photocurrent density of −9 mA/cm2

at −1.23 V vs. RHE. Furthermore, the faradaic efficiency for CO of 47% was achieved at −0.6 V vs. RHE.
At this potential, the photocathode could produce the syngas ratio of 1:1 with the rate in 18.6 mol/s·cm2,
which is a suitable proportion for the Fischer–Tropsch synthesis. Although this study focused on p-Si
photocathode with Ag catalysts for PEC CO2 reduction, our proposed new model for a photocathode
could be useful in various PEC applications, such as hydrogen evolution reaction, oxygen evolution
reaction, or N2 reduction reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/10/3487/s1,
Figure S1: (a) Patterning mask used for deposition of SiO2 layer. (b,c) SEM images and EDS spectrum of
partially electrodeposited Ag particles on SiO2-free region on Ag/TiO2/p-Si photocathode., Figure S2: Scanning
electron microscopic (SEM) images of anodized Ag catalysts on TiO2/p-Si photocathodes in (a) low and (b) high
magnification., Figure S3: CV curves for (a) R-Ag/TiO2/p-Si and (b) Ag/TiO2/p-Si photocathodes at scan rate of 10,
20, 40, 60, 80, and 100 mV s−1 in 0.1 M KHCO3 electrolytes. (c) Corresponding capacitive currents at 0.7 V vs.
RHE plotted against the scan rate for R-Ag/TiO2/p-Si and Ag/TiO2/p-Si photocathodes., Figure S4: XPS survey
spectrum for (a) Ag/TiO2/p-Si and (b) R-Ag/TiO2/p-Si photocathodes., Figure S5: The faradaic efficiency of the p-Si
and TiO2/p-Si photocathodes under 1 Sun illumination (AM 1.5 G) in CO2-saturated 0.1 M KHCO3 electrolytes.,
Figure S6: Stability test of current density and CO faradaic efficiency for R-Ag/TiO2/p-Si photocathode at −0.4 V
vs. RHE under 1 sun illumination (AM 1.5 G) in CO2-saturated 0.1 M KHCO3 electrolytes., Figure S7: Flat band
diagram of (a) p-Si, (b) n-TiO2, and (c) SiO2.
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