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This work reports the fabrication of p-type Si micropillar (MP) substrates decorated 

with AgxCu100-x bimetallic nanoparticles and their application as photocathodes for CO2 

photoelectrochemical reduction. Metal deposition by metal-assisted chemical etching is 

chosen as the nanoparticle synthesis method, to explore for the first time its capabilities for 

3D structures. It is found to be applicable, allowing a good control of the composition, with 

nanoparticles distributed along the entire MP, but with a coverage gradient from top to 

bottom. The AgxCu100-x decorated Si MPs photocathodes show enhanced light trapping 

compared to flat Si, with 45 % lower reflectance values in the visible and significantly higher 

catalytic activity, in terms of photocurrent density, overpotential and power savings (4.7 % for 

Ag50Cu50/Si MPs vs. 3% for Ag50Cu50/flat-Si). Si MPs coated with Ag50Cu50 and Ag20Cu80 

provide the highest gain in potential (440 and 600 mV vs. bare Si MPs) and an increased 

selectivity towards high energy density products (i.e., CH4) compared to monometallic 

photocathodes. These are promising features for efficient light-driven CO2 conversion. 

However, a significant metal loss is observed during photoelectrolysis, especially for Cu-rich 

compositions. Suggestions to improve the photocathode performance in terms of metal 

coating homogeneity and catalyst stability are presented.  
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1 Introduction 

The impact of CO2 emissions on global warming creates an urgent need for clean and 

alternative sources (e.g., solar, hydrothermal and wind) for energy storage and generation that 

can overcome the challenges of climate change 
[1,2]

. Artificial photosynthesis is a promising 

research area for energy storage. The term applies to artificial devices that convert solar 

energy into fuels (i.e., solar-to-chemical energy conversion) by using photogenerated charge 

carriers to drive the chemical reactions 
[3–7]

. Various semiconductors (SCs)-based 

technologies for H2 production from water splitting and low-carbon fuel production from CO2 

reduction have been studied to mimic the photosynthesis effect (i.e., artificial leaves
[5]

, SC-

based photocatalytic
[6,7]

 and photoelectrocatalytic
[3,4]

 systems ). The photoelectrochemical 

CO2 reduction reaction (PEC-CO2RR) using SCs as photocathodes is attracting increasing 

interest. By utilizing solar radiation as a renewable energy input and the appropriate catalyst, 

PEC-CO2RR can convert harmful anthropogenic CO2 to low-carbon fuels (also called solar 

fuels) and valuable everyday products, that can be readily utilized in the existing 

infrastructures 
[8,9]

. Silicon (Si) is regarded as a promising photocathode material due to its 

large abundance, low cost, and promising electrical and optical properties 
[10–13]

. Several 

strategies to improve the overpotential and the selectivity of Si substrates for CO2 reduction 

by the addition of appropriate metal catalyst (e.g., Ag, Cu or Au) have been reported using 

various methods, including photoelectrodeposition, atomic layer deposition (ALD), 

sputtering, etc.
[14]

 The incorporation of metal nanoparticles (NPs) on the Si supports favors 

the collection of photogenerated carriers without preventing light from reaching the 

semiconductor, allowing significant photocurrent densities at low overpotentials for PEC-

CO2RR 
[13,14]

.  

Bimetallic catalysts have been applied to boost the CO2RR performances in terms of 

structural stability, selectivity and activity 
[15]

.This is due to their tunable composition and 

crystalline structure, which provide new active sites with optimized binding strengths for 

targeted catalytic reactions 
[16]

. Various bimetallic catalysts for CO2RR have been reported for 

a variety of products, particularly Cu-based bimetallic catalysts 
[15,17,18]

. Despite their interest, 

the combination of Cu-based bimetallic NPs with Si photoactive supports is still quite 

unexplored. In a recent publication we proposed an original method based on Metal-Assisted 

Chemical Etching (MACE) of Si to deposit bimetallic AgxCu100-x NPs on planar Si substrates, 

and we applied these materials as photocathodes for PEC-CO2RR for the first time 
[19]

. The 
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system provided encouraging results in terms of photocatalytic activity and selectivity over 

monometallic photocathodes. Thus, a shift in the onset potential of 840 mV was observed for 

Ag50Cu50/p-Si with respect to an analogous metal electrode in a CO2-saturated 0.5 mol L
-1

 

NaHCO3 aqueous solution, with c.a. 3% of power saving 
[19]

. The bimetallic nanoparticles 

enhanced the selectivity towards the production of high energy density products. Thus, 

maximum Faradaic efficiencies of 26% and 18.2% were obtained for the production of CH4 

and CO, at potentials of - 0.72 V and - 0.87 V vs. RHE, respectively. Recently, we have 

extended our deposition method to the Cu-Pd system with interesting results 
[20]

.  

For large-scale applications, three-dimensional (3D) photocathodes are required. In 

this sense, 3D electrodes based on Si micropillars (Si MPs) can offer several advantages for 

PEC reactions: (i) increased contact surface area with the electrolyte (vs. flat Si), (ii) higher 

catalytic loading than for flat surfaces, and (iii) enhanced light absorption, implying more 

effective separation and collection of photocarriers
[21–23]

. In this line, the combination of 

Si MPs with nanoelectrocatalysts shows great potential for solar energy conversion 
[23]

. In 

2020, Kempler et. al first reported the use of metal-decorated Si MPs for PEC-CO2RR. They 

demonstrated that arrays of short, sparse microwires (diameter, pitch, and height of 3, 7, and 

30 μm, respectively) with a pn
+
 radial junction, can accommodate sufficient Cu loading on the 

illuminated side (i.e., without reflectivity losses thanks to the microwire geometry) to match 

the j-E behavior of pure Cu (similar mixture of C1-C3 products, FE of 20% for CH4 + C2H4 at 

0.45 V vs. RHE) 
[24]

. A photocurrent density of 25 mA/cm
2
 at -0.5 V vs. RHE was achieved 

and maintained for 48h. These initial results demonstrate the feasibility and real-world 

application of Si MPs based photocathodes for PEC-CO2RR. However, more than 90% of the 

photocurrents (48 h) result from the hydrogen evolution reaction (HER) with a faradaic 

efficiency of CH4 + C2H4 of only ~ 3%, which seems to be related to the aggregation and 

delamination of the deposited Cu, leaving bare Si surfaces favorable for HER.  

Two main factors are identified as sources of instability of Cu-based electrodes: (i) 

structural reorganization and (ii) degradation under CO2RR conditions
[25,26]

. In the particular 

case of Si photocathodes, poor adhesion of Cu to Si and photo-corrosion are additional 

sources of degradation
[13,27]

. Developing protective layers or depositing co-catalyst by 

different techniques are among the strategies being studied for increasing photocathode 

stability
[13,14]

. In this line Cu-based bimetallic materials are an encouraging choice, because of 

their recognise capabilities of preventing Cu reorganization and tunning the selectivity
[17,18]

. 
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In the present work, we investigate the compatibility of bimetallic deposition by 

MACE with three-dimensional (3D) structures, specifically Si MPs, and we test the resulting 

photocathodes for PEC-CO2RR. AgxCu100-x is chosen as the bimetallic system for its intrinsic 

interest 
[15]

 and for the sake of comparison with results obtained on flat substrates 
[19]

. Si MPs 

with different dimensions (pitch, height, and side) are considered. 

2 Experimental procedure 

2.1 Materials and Reagents 

30 wt% Ag(NO3) (99.8 wt% Ag) and Cu(SO4)⸱5H2O (98.5 wt% Cu) from VWR-

Prolabo were used as metal precursors for Si metallization. HF 40% (d = 1.13 kg/L, VWR) 

was used for Si cleaning (i.e., native oxide removal) and as co-reactant for Si metallization. 

Dilution and cleaning were performed with 18.2 MΩ·cm ultra-pure water (Millipore). 

[Ru(NH3)6]Cl3 (Sigma-Aldrich) was used as redox probe. 

2.2 Fabrication of Si MPs 

The micropillars (MPs) have been fabricated on a double-side polished 525 µm thick 

4 inch Si wafer. The wafer is first thermally oxidized to form a 1 µm thick SiO2 layer, which 

serves as a mask for the deep reactive ion etching (DRIE) of Si. Next, a 1.1 µm thick layer of 

JSR PFR 7790G photoresist (PR) is spin-coated over the SiO2 layer and photolithographically 

patterned to define the shape of the PR. The oxide layer is then etched in a plasma reactor, 

followed by photoresist removal in acetone. The next step is the Si etch, which is performed 

in an ALCATEL A601E DRIE reactor. The etching process employs a ‘Bosch process’ 

alternating between etching and sidewall passivation steps using SF6 gas for 5 seconds and 

C4F8 gas for 2 seconds, respectively. The passivation step protects the etched sidewalls to 

prevent lateral etching, enabling the formation of high aspect ratio structures. The MPs were 

etched to a depths of ~60 µm and ~120 µm. The wafer then underwent O2 plasma cleaning to 

remove the passivation layer on the sidewalls. The final step is a HF wet etch of the remaining 

SiO2 in HF. Square and cylindrical MPs with different dimensions in terms of pitch or 

interpillar distance (P), pillar side or diameter (A) and pillar height (H) were used. 

Specifically, MPs arrays with P = 20, 50, and 100 µm, A= 2, 5, and 10 µm, and H = 60 and 

120 µm, were fabricated.  
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Figure 1a shows a Si wafer with 9 photoelectrodes with Si MPs patterned according 

to the above fabrication processes. The MPs are located on the spherical dark regions (1.5 cm 

diameter) in the center of each pre-cut Si photoelectrode (square of 2 cm side). Figure S1 in 

the Supporting Information (SI) shows a more detailed scheme of the patterned Si wafer, 

along with additional SEM images of the Si MPs. Si samples of 2x2 cm
2
 with cylindrical MPs 

were used for reflectivity measurements and long-term chronoamperometry (sections 3.3 and 

3.7). Smaller photoelectrodes (patterned region of 0.5 cm diameter) were used for metal 

deposition tests (section 3.2) and CV analysis (section 3.4 and 3.6). Square and cylindrical 

MPs with different A-values were used indistinguishably for the metal deposition tests. The 

remaining characterizations and measurements from Section 3.3 and onward, were performed 

with cylindrical MPs of A = 10 µm, P = 20 µm, and H = 60 µm.  

When necessary, comparative experiments on flat Si substrates were performed with 

P-type boron doped (100) c-Si polished wafers (ρ = 1-3 ohm cm, 500±25 μm thick) purchased 

from Siegert Wafer. 

2.3 Synthesis of AgxCu100-x NPs on Si MPs 

Ag, Cu and AgxCu100-x NPs with targeted x values of 20, 40, 50 and 80 were 

synthesized on the Si MPs substrates by bimetallic MACE deposition, by following the 

protocol developed in 
[19]

. Prior to metal deposition, the Si MPs were immersed in 0.1 mol L
-1

 

HF solution for few minutes to remove the native SiO2 layer. No additional cleaning treatment 

(e.g., piranha) was used because the Si wafers were pre-cut and pre-cleaned in the clean room 

prior to fabrication of the Si MPs. Metallization was performed by immersing the Si MPs 

substrate in the precursor’s solution (30 ml of 0.1 mol L
-1

 HF solution containing Ag
+
 and 

Cu
2+

 ions at concentrations adjusted according to the target atomic composition 
[19]

), followed 

by extensive rinsing with ultrapure water and drying with a stream of compressed dinitrogen 

(N2). Bimetallic deposition by MACE enables the in-situ generation of bimetallic NPs on the 

Si substrate surface at room temperature, without the need for an external electrical circuit. It 

also allows for optimal contact between the NPs and the Si due to the absence of surface 

oxides, and it is easily scalable. Figure 1b shows a schematic view of a cylindrical MP, bare 

and modified with AgxCu100-x NPs.  
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Figure 1. (a) Optical image of patterned Si MPs on a p-type Si wafer. Pre-cut lines define the 

electrodes with a final size of 2x2 cm
2
. The diameter of the MP region is ϕ=15 mm. (b) 

Schematic of a Si MP, bare (left) and decorated with AgxCu100-x NPs (right), where A is the 

MP diameter and H the MP height. The MP pitch, or pilar inter-distance (not presented on the 

figure) is indicated by P through the text. 

2.4 Material Characterization 

Morphology and elemental composition (bulk properties) were analyzed by field 

emission scanning electron microscopy (FESEM) coupled with energy dispersive X-ray 

analysis (SEM-EDX) using a Zeiss Merlin FEG microscope equipped with an Aztec EDS 

Advanced system (HKL Nordlys Nano, Oxford Instruments) and an X-Max SDD detector. 

Chemical states and surface elemental composition were analyzed by K-alpha X-ray 

photoelectron spectroscopy (XPS) equipped with an ion beam etcher from Thermo Fisher 

Scientific. Microstructural observations were performed by transmission electron microscopy 

(TEM) using a 200 kV FEG TEM (FEI Tecnai F20 equipped with a Gatan CCD camera Orius 

1000, point-to-point resolution 0.24 nm), and the chemical analysis is performed on the same 

microscope with an EDX windowless detector (60 mm
2
). For TEM observations, NPs were 

collected on Au mesh grids by pouring a few drops of ethanol solutions in which the 

Si MPs/AgxCu100-x samples were previously sonicated. 

2.5 Electrochemical measurements 

A homemade O-ring type three-electrode PEC cell (volume of 54 mL) equipped with a 

quartz window was used for the electrochemical measurements 
[19]

. It was coupled to a 

Metrohm Autolab PGSTAT 30 potentiostat equipped with NOVA software. The working 

electrode was the metallized p-Si MPs, the counter electrode was a Pt plate, and the reference 

electrode was Ag/AgCl/3 mol L
-1

 KCl (0.209 V vs. NHE). All potentials were converted to 

Silicon Silicon

H

A

Bare SiMPs AgxCu100-x on SiMPs

Ag Cu AgxCu100-x

(a)
(b)
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the RHE reference scale unless otherwise noted (E vs. RHE = E vs. Ag/AgCl + 0.209 + 

0.059 pH). The electrocatalytic reduction of CO2 was performed in 0.5 mol L
-1

 NaHCO3 at 

room temperature (pH = 8.4). Prior to the experiment, 36 mL of electrolyte were added to the 

cell and purged with Ar for 10 min (pH = 8). The electrolyte was then bubbled with CO2 

(Alphagaz N45) for 20 min to ensure CO2 saturation (pH ~7.4, [CO2] = 33 mmol L
−1

). The 

CO2 atmosphere was maintained throughout the experiment. The illuminated MPs area was 

1.77 cm
2
 (O-ring inner diameter = 15 mm). Cyclic voltammetry was used as the 

electrochemical characterization technique and chronoamperometry was used for long-term 

electrolysis. The illumination source was a Newport LSH7320 solar simulator providing 

AM1.5G light with a power of 1000 Wm
-2

. Polished Ag and Cu plates were used as reference 

conductor electrodes. Before each electrochemical measurement they were polished with 

alumina powder (1 and 0.3 μm) and washed thoroughly with ultrapure water. The Cu plate 

was additionally immersed in HCl/water (50:50 v/v) for oxide removal.  

2.6 Product analysis 

The gas products were analyzed by gas chromatography (GC). A Shimadzu gas 

chromatograph (GC 2010 Pro) equipped with a barrier ionization detector (BID 2010 plus) 

and a micropacked ShinCarbon GC column was used to analyze the gas composition inside 

the electrochemical cell during the bulk electrolysis. The gas was manually sampled from the 

electrochemical cell and injected into the GC at regular 10-min intervals during the 

electrolysis. An etalon gas mixture purchased from Air Liquide was used to calculate the 

concentration of the gases produced. He was used as carrier gas.  

3 Result and Discussion 

3.1 Effect of the Si MPs geometrical characteristics on the PEC response 

To investigate the influence of the MP geometry on the electrochemical response 

compared to a polished surface, we performed CV measurements with a typical reversible 

redox probe, the Ru(NH3)6
3+

/Ru(NH3)6
2+

 couple. The comparison of the CV response of a flat 

Si photocathode and a typical metal electrode (Pt disk) in the presence of Ru(NH3)6
3+ 

is 

shown in Figure S2 of the SI. Essentially, the signal from the semiconductor is distorted 

(larger separation between peaks) compared to a metallic conductor, due to sluggish electron 

transfer kinetics. Interestingly, two reduction peaks instead of one are observed in the 

cathodic scan. A study of ln(Ipeak) vs. ln(v) gave a slope of 0.5 for both reduction peaks, which 
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indicate that the second peak is not related to adsorptive interactions. A possible explanation 

could be the reduction of an ion pair formed between Ru(NH3)6
3+

 and K2SO4 
[28]

. Despite 

these discrepancies, this redox probe remains suitable for the evaluation of the geometrical 

characteristics of the Si MPs vs. polished Si.  

Figure 2 shows the CV curves obtained with Si MPs substrates with different values 

of pitch and height (Figure 2a and b, respectively) at 0.2 sun illumination (i.e., 20 mW cm
-2

) 

in a 5 mmol L
-1

 Ru(NH3)6
3+

 solution with 0.5 mol L
-1

 K2SO4. Focusing on the interpillar 

distance P for a given MP height (Figure 2a), an increase in the peak current density with 

decreasing P can be observed (more easily in the oxidation region), with the lowest peak 

current supplied by the flat electrode (black curve). This behavior can be related to the 

developed surface area, since it increases with decreasing pitch (see Table S1 in the SI for the 

developed surface area in each case). As shown in Figure S3 in the SI, a plot of the 

normalized peak current (Ipeak) as a function of the developed surface area (decreasing P) 

deviates from the expected linear dependence on diffusion according to the Randles-Sevcik 

model. This may indicate a mixed contribution to the current response from thin film 

(interpillar volume) and diffusion behavior 
[29]

, which justifies the cathodic and anodic peaks 

moving closer together as P decreases (Figure 2a). 

 
Figure 2. Cyclic voltammetry performed on samples with various (a) Pitch (P = 20, 50, 

100 μm) and (b) Height (H = ~63 and ~117 μm). Electrolyte: K2SO4 at 0.5 mol L
-1

 and 

Ru(NH3)6Cl3 at 0.005 mol L
-1

, under Ar. Illumination : 0.2 sun (20 mW cm
-2

). Current density 

vs. the geometric area (0.196 cm
2
). 

Figure 2b compares the CVs of two samples of Si MPs with the same interpillar 

distance (20 µm), but different heights (117 vs. 63 µm). The current peaks appear to be 

approximately at the same potentials. However, there is a discrepancy between the reduction 
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and oxidation regimes in terms of peak heights. In the cathodic region, the peak for the long 

MPs is broader and not well defined, and therefore less intense than that for the small MPs. 

On the contrary, it is almost two times higher in the anodic region, indicating that a much 

larger quantity of Ru(NH3)6
3+

 is indeed reduced during the cathodic scan.  

The MPs with the smaller pitch and longer height appeared to be the most promising 

for the PEC tests. However, we found that they are also more fragile and break relatively 

easily during HER. Therefore, we selected MPs with a pitch of 20 µm and a height of 60 µm 

for the PEC tests. 

3.2  Bimetallic deposition by MACE on Si MPs 

Si MPs were metallized by immersion in a HF solution containing the two ionic metal 

precursors (see experimental section 2.3 for more details). Briefly, when Ag
+ 

and/or Cu
2+

 ions 

get in contact with the Si surface, they are spontaneously reduced (Eq. 1) and become 

catalytic sites for subsequent ion reduction and NP growth. At the same time, Si atoms in the 

vicinity of the metal ions are oxidized to supply the necessary electrons. In HF media, Si 

dissolution occurs in the porous Si formation regime (Eq. 2). The chemical reactions involved 

are: 

Cathodic sites M
n+

(aq) + ne
- 
→ M(s) M = Ag or Cu; n =1 or 2 Eq. 1 

Anodic sites Si(s) + 4HF2
-
(aq) → SiF6

2-
(aq) + 2e

-
 + 2HF(aq) + H2(g) Eq. 2 

Global reaction  Si(s) + 
 

 
   

(aq) + 4HF2
-
(aq) → 

 

 
  (s) + SiF6

2-
(aq) + 2HF(aq) + H2(g) Eq. 3 

In accordance with the number of electrons exchanged for the reduction of Cu
2+

 (2e
-
) 

and Ag
+
 (1e

-
), Cu is deposited at a rate two times lower than Ag. The [Cu

2+
]/[Ag

+
] ratio 

should therefore be twice that of the desired AgxCu100-x composition, i.e., 2(100-x)/x. (21). 

For example, the Cu and Ag salt precursors are 2 and 1 mmol L
-1

, respectively, to deposit 

Ag50Cu50.  

Figure 3 shows representative SEM images of cylindrical Si MPs P20A10, bare (a-c) 

and decorated with Ag50Cu50 bimetallic NPs deposited by MACE (d-f). Figure S4 in the SI 

gives additional SEM images for the deposition of pure metals and other bimetallic 

compositions. The Si MPs exhibit a peculiar wave-like structure (rings easily visible on the 

bare samples, Figure 3a-c). This is due to the clean room fabrication process, which includes 

multiple etching and passivation cycles to shape the sample.  
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The images show a gradient in metal deposition from the top (high) to the bottom 

(low), with at the top the formation of dendrites and along the MP a decreasing NP density. 

The NP morphology of the Ag50Cu50 deposits is similar to that obtained on planar Si, as 

reported in 
[19]

, i.e., spherical NPs for pure Ag and Cu, and elongated NPs, more densely 

distributed for the bimetallics. Metal deposition is observed along the entire MP surface 

(Figure 3d-f), with a higher density of NPs deposited at the edges of the wave-like structures 

(see also Figure 4).  

  
Figure 3. (a) Cross-sectional SEM images showing (a-c) bare Si MPs and (d-f) Si MPs 

decorated with Ag50Cu50 NPs. Deposition conditions: [Ag
+
] and [Cu

2+
] = 1 and 2 mmol L

-1
, 

[HF] = 0.1 mmol L
-1

, deposition time = 1 min. 

2 µm

(a) (b)

(d) (e)

500 nm

500 nm

(c)

(f)

2 µm

2 µm2 µm
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NP nucleation and growth is generally enhanced at sharp edges and irregularities (e.g., 

higher density of NPs on the MP rings). In addition, a more significant cation supply is 

possible at the tops of the MPs which are in contact with the bulk of the solution, and this 

must be the reason for the gradient of NP density along the MPs (diffusion limitation) and for 

the presence of dendrites only at the tops of the MPs. Dendrite formation and NP density 

logically increase with time. 

To evaluate the homogeneity in bimetallic composition along the MPs, further 

elemental composition analysis was performed by EDX in different regions of the MPs (top, 

middle, and bottom) and for deposition times of 1, 2, and 5 minutes (Figure 4).  

 
Figure 4. Plan view (a-c) and cross section (d-l) images of Ag50Cu50 deposited on Si MPs for 

1, 2 and 5 min; (m) Ag fraction of the NPs measured along the MPs for the 3 deposition 

times. 
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The atomic composition in the top, middle and bottom regions of the MPs is plotted in 

Figure 4m. While the NP composition at the bottom of the MPs is close to the Ag50Cu50 

target value, a systematic increase of Ag is observed in the middle and top regions (up to 

Ag70Cu30). EDX analysis shows that the dendrites have a Ag fraction of about 66-70% (see 

Fig. S5 in the SI). This is also in agreement with HAADF-STEM observations (see Fig. S7 in 

the SI). Note that the surface of the NPs (top ~1 nm) can be richer in Ag compared to the bulk 

values, as observed by XPS analysis in a previous study realized on flat Si substrates under 

the same metallization conditions 
[19]

. For example, NPs with bulk compositions (SEM-EDX) 

of Ag51Cu49 and Ag63Cu37 showed a surface with Ag60Cu40 and Ag68Cu32, respectively. 

Overall, these images demonstrate that bimetallic deposition by MACE is applicable 

to 3D structures. For Si MPs, a relatively good control of the NP composition is obtained, 

with NPs distributed with a density gradient from top to bottom. For electrochemical 

experiments, 1 min deposition was selected to minimize dendrite formation. Nevertheless, we 

observed during PEC experiments that gas evolution easily detaches the dendrites.  

Since dendrite formation and the inhomogeneities in composition and NP density are 

related to diffusion effects, better overall results can be expected by minimizing the role of 

diffusion (forced convection, higher concentration). Current studies focus on the investigation 

of bimetallic deposition under dynamic conditions.  

In terms of crystallographic structure, the AgCu NPs synthesized by MACE have a 

phase separated nature with Ag and Cu nanograins highly intermixed, as shown in our 

previous work where further morphological and structural characterizations can be found 
[19]

. 

Figure S6 in the SI shows XRD diffractograms of pure Ag, Cu and Ag50Cu50 as representative 

example. The elemental distribution of Ag and Cu in Ag5050 and Ag20Cu80 NPs observed by 

STEM-EDX is provided in figure S7, to show the high degree of miscibility of the two 

elements.  

3.3  Reflectivity measurement of AgxCu100-x bimetallic NPs on planar Si and Si MPs 

The reflectance of flat Si and Si MPs, bare or decorated with AgxCu100-x of different 

compositions, is plotted in Figure 5. The reflectance of flat Si is characterized by (i) peaks at 

255 nm and 354 nm corresponding to direct band gaps, (ii) decreasing values in the Vis-NIR 

region (from 400 to 900 nm) determined by the change in refractive index and the front 

surface properties, (iii) increasing values (from 900 to 1150 nm) when the absorption 
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coefficient of Si becomes zero (indirect band gap at 1100 nm) and light reflected at the back 

surface of the sample is also measured. Metallized samples with Ag and Cu NPs exhibit 

similar reflectance in the visible region, except for a peak at 450 nm in the case of Ag. The 

lower reflectance observed for Ag50Cu50/Si in the UV-blue region of the spectrum may be due 

to plasmonic properties of the NPs in this composition, which either absorb light significantly 

or promote better light coupling into Si.  

The reflectance is lower for all the samples covered with Si MPs (Figure 5b). 

Comparing non-metallized flat Si and Si MPs, the latter have a lower reflectance at 600 nm 

(18 vs. 35%, respectively). This is due to light scattering induced by the MPs, resulting in 

multiple bounces of light between them, especially after reflection on the Si substrate (flat 

areas between the MPs). The remaining reflectivity is probably due to the flat top of the MPs.  

Metal deposition on Si MPs slightly increases the reflectance, especially in the case of 

Ag50Cu50 (+4.5 % in a. v. at 600 nm). The intrinsic higher reflectivity of metals and the 

dendrites formed at the top of the MPs explain this increase. In the case of Ag/Si MPs, there is 

also a specific peak in the reflectance spectrum (at 500 nm), but it is broader and less intense 

than for Ag/Si. Contrary to the study of Pana et al. (2022), we do not observe well-defined 

peaks characterizing the presence of Cu NPs
[30]

. This is probably due to the low amount of Cu 

deposited on the surface of our samples. 

 
Figure 5. Reflectance from 200-1400 nm of (a) flat Si and (b) Si MPs, bare or decorated with 

Ag50Cu50 NPs. In (b) flat Si is also shown for comparison.  
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These optical properties imply that the presence of Si MPs on the surface reduces the 

reflectance even after metallization. We therefore expect higher photocurrents with Si MPs 

than with flat Si when these samples are used as photoelectrodes. 

3.4  Comparison of the PEC response of Si MPs/AgxCu100-x vs. Si/AgxCu100-x  

Figure 6 compares the PEC j/E responses of 3D photoelectrodes decorated with Ag, 

Cu, and Ag50Cu50 NPs with those of equivalent flat photocathodes for the light-driven CO2 

reduction at 0.2 sun. This illumination level was selected for comparison purposes so that the 

currents were not strongly affected by the noise induced by gas evolution (see the noise on the 

CVs recorded at 1sun in figure S8 of the SI). However, for quantitative purposes, i.e., 

electrolysis coupled to product analysis shown in section 3.7, 1 sun illumination was used. All 

the voltammograms show similar shape, where the photocurrent increases during the cathodic 

scan until a photocurrent plateau determined by the photon flux is reached, when all the 

photocarriers are collected and transferred to the electrolyte. Additional information on the 

general characteristics of the PEC responses can be found in the literature 
[31],[32,33]

.  

 
Figure 6. PEC responses obtained under 0.2 sun illumination with (a) bare Si and Si MPs; (b) 

Ag/Si and Ag/Si MPs; (c) Ag50Cu50/Si and Ag50Cu50/Si MPs and (d) Cu/Si; and Cu/Si MPs, 

in a 0.5 mol L
-1

 NaHCO3 solution bubbled with CO2 gas. v = 50mV/s. 
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In all cases the photocurrent plateau is attained at more elevated current densities for 

the 3D structures vs. flat substrates (with the exception of Cu/Si MPs), in line with the 

reduced optical losses with the MP structure (see Figure 5b). 

In the presence of metal NPs, the j/E responses of the 3D electrodes appear 

systematically at less negative potentials than their flat counterparts, i.e., a given current 

density can be achieved with Si MPs photocathodes versus flat photocathodes at a lower 

electrical energy input. For example, -0.56V for AgCu/Si MPs vs. -0.7V for AgCu/Si at -1.5 

mA/cm
2
 (see Table S2 for all values). This shows the potential interest of Si MPs for energy 

saving. However, this trend is not observed for bare Si electrodes (Figure 6a), as also 

observed by Lewis et al. 
[24]

. In the present case, this is due to the higher level of surface 

defects of Si MPs which are generated during the MP fabrication process (plasma etching), 

which are actually eliminated during metal deposition as it is coupled to Si etching.  

3.5  Ratiometric power saved 

In order to quantify the energy conversion properties of the 3D photocathodes, the 

ratiometric saved power,       , was determined. According to the work of Coridan et al., it 

is defined as the ratio between the saved power, Psaved, at a given current value when using an 

illuminated photocathode versus its equivalent dark electrode, and the input solar power, Pinput 

[34]
:  

 
        

         

      
     

    

                        –                          

                                  Eq. 1 

where Elight is the potential required to drive the reaction at a selected current value I 

for the illuminated photocathode and Edark is the corresponding value for the dark electrode. 

This is a useful metric for solar energy conversion analysis of individual photoelectrodes in 

3-electrode cells, without being affected by the presence of the counter electrode.  

To perform these calculations, we recorded the j/E responses of metal dark electrodes 

chosen as Ag and Cu plates and Ag50Cu50/n
++

Si. Figure 7 shows the j/E plots of Ag/Si MPs, 

Ag50Cu50/Si MPs and Cu/Si MPs at 0.2 Sun under CO2, together with those of the 

corresponding dark electrodes. For each photocathode ϕsaved is calculated at the point of 

maximum saved power, Pmax (insets). 
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Figure 7. Polarization curves for (a) Ag metal vs. Ag/Si MPs; (b) Ag50Cu50/n

++
Si vs. 

Ag50Cu50/Si MPs and (c) Cu metal vs. Cu/Si MPs used to calculate power saving efficiency. 

Inset: Power saved (calculated from Eq.1) at each potential applied (E vs. RHE). Vmp and j on 

the insets correspond to the potential gain (Edark-Elight) and the corresponding photocurrent at 

the maximum power saved. Other conditions as in Figure 6. 
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The ratiometric saved power are 4.7% for Ag50Cu50/Si MPs, 2.5% for Ag/Si MPs and 

0.2% for Cu/Si MPs. Thus, Ag50Cu50/Si MPs distinguish itself as the most efficient 

photoelectrode for solar energy conversion among the three considered, with ~5% of the Psaved 

resulting from solar energy conversion. It is important to note that a ratiometric saved power 

of 5% under 0.2 sun is a significant value for a Si photocathode based only on a p-

Si/electrolyte junction. An equivalent flat Si/Ag50Cu50 flat photocathode has been reported to 

have a ratiometric saved power of c.a. 3% 
[19]

. As already observed for flat supports, the Cu 

metallized Si MPs photocathode has the lowest energy conversion efficiency. We believe that 

this poor performance with Cu is related to the catalyst degradation (Cu NPs detachment) 

during photoelectrolysis, which is accentuated between the Si MPs, due to their higher 

developed surface area and the reduced volume between the MPs, as explained in section 3.8.  

Psaved is related to the gain in potential (at the maximum power point) with a 

photocathode versus a dark electrode. Dividing Psaved by the power consumed by the dark 

electrode, Pdark, gives the actual electrical power gained. In our case, Psaved/Pdark is 26% for Ag 

and 36% for Ag50Cu50. 

3.6 Influence of the bimetallic composition on the PEC-response  

An advantage of bimetallic deposition by MACE over other deposition techniques, 

such as sputtering or electrodeposition, is that it allows obtaining well-defined NPs with a 

composition that can be easily tuned (by simply adjusting the ratio of metal precursors) over 

the whole range of atomic compositions. Thus, it enables the systematic study of the influence 

of the catalyst composition on specific observables.  

Accordingly, we studied the influence of the bimetallic composition on the PEC 

response (at 0.2 sun under CO2), together with that of bare Si MPs as a reference, as shown in 

Figure 8a. 
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Figure 8. (a) Comparison of the j/E responses at 0.2 sun of AgxCu100-x/Si MPs and Si MPs 

photoelectrodes in a 0.5 mol L
-1

 NaHCO3 solution bubbled with CO2 gas. v = 50mV/s; (b) 

corresponding potential shifts (at Jph = -0.5 mA cm
-2

) vs. bare Si MPs (no metal). 
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A clear influence of the bimetallic composition on the position of the PEC responses is 

revealed from this figure, with Ag20Cu80/Si MPs being the most favorable catalyst in terms of 

photocurrent and overvoltage. Figure 8b shows the potential shift versus bare Si MPs at a 

current density of -0.5 mA cm
-2

 (selected to avoid the contribution of native metal oxide 

reduction observed at low cathodic potentials). A synergy between the two metals in terms of 

reduced overvoltage is observed from Ag50Cu50 (+50 mV vs. pure Ag and 440 mV vs. bare 

Si MPs) to Ag20Cu80 with the highest shift (+220 mV vs. pure Ag and +600 mV vs. Si MPs). 

The gain in potential from adding 20 at% Ag to Cu is striking (+450 mV).  

It is important to highlight that the bimetallic NPs synthesized in this work have a 

phase separated crystalline structure with Ag and Cu intermixed nanograins (also called 

immiscible solid solution
[35–37]

) as mentioned in Section 3.2, which impacts the catalytic 

activity and selectivity, and hence the energy conversion properties of the 3D photocathode. It 

is possible that AgCu NPs with a different distribution (e.g., core shell or Janus structures) 

present a different trend for the potential shift. A figure showing a comparison of the 

voltammograms obtained under Ar and CO2 atmospheres is given in the SI (Figure S8). The 

electrochemical responses are not significantly different, suggesting that CO2RR and HER 

occur at similar potentials. Therefore, product identification is required to study the selectivity 

of the bimetallic catalysts. 

3.7 PEC-CO2RR product analysis  

Electrolysis coupled to gas chromatography (GC) under 1 sun illumination was used 

for product detection. Figure 9 shows the faradaic efficiencies (FE) obtained with the 

different Si MPs photocathodes: bare and coated with Ag, Cu, Ag50Cu50 and Ag20Cu80 

(Figure 9a-e, respectively). Figure S9 in the SI shows the corresponding 

chronoamperograms. A fixed potential of -0.87 vs. RHE was used based on previous studies.  
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Figure 9. FE of gaseous products formed during photoelectrolysis (H2, CO, CH4) at -0.87 V 

vs. RHE in a 0.5 mol L
-1

 NaHCO3 solution bubbled with CO2 gas. GC measurements every 15 

min for 1 h; (a) bare Si MPs; (b) Ag/Si MPs; (c) Cu/Si MPs; (d) Ag50Cu50/Si MPs; and (e) 

Ag20Cu80/Si MPs. 

As expected, the bare Si MPs produced only H2 (Figure 9a). The Ag/Si MPs 

photocathode produces CO with a maximum FE of 12.1% and a very small amount of CH4 

(FE < 1%) (Figure 9b). In the case of Cu/Si MPs, H2 is the main product, with CO during the 

first few minutes, and traces of CH4 throughout the experiment (Figure 9c). The bimetallic 

Si MPs photocathodes, especially with Ag50Cu50, reduce CO2 to CO and CH4 throughout the 

experiment, with a maximum FE of 16.7% and 9%, respectively (Figure 9d-e). The most 

interesting bimetallic composition from the energy saving point of view (section 3.5), 

Ag20Cu80/Si MPs, selectively produces CH4, but with FE values not higher than 5%. Finally, 

between Ag50Cu50 and Ag20Cu80, the former is more efficient in terms of total CO2 

conversion. These results demonstrate the ability of the bimetallic catalysts in directing the 

PEC-CO2 selectivity towards the energy dense product CH4. 

An enhanced selectivity for CH4 production has been reported with bimetallic catalysts 

and is often attributed to phase-separated structures with highly intermixed nanograins.
[15,37]

. 

The proposed mechanism involves Ag sites facilitating the initial CO2-to-CO conversion, 
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creating a CO-enriched environment that Cu sites utilize for further reduction into C1 and C2 

products. Once CO is produced, the selectivity between C1 and C2+ products (such as CH4 or 

C2H4) is influenced by the bimetallic crystal structure. AgCu nanoparticles with segregated 

domains mainly produce C2H4, as C-C coupling occurs at adjacent Cu sites, while catalysts 

with more intermixed Ag and Cu domains favor CH4 production. DFT calculations suggest 

that both products share a common pathway involving *COH as intermediate, with the 

outcome being CH4 or C2H4 depending on the catalyst's ability to adsorb H or CO and the 

length scale to which the metal mixture promotes C-C coupling. 

If we compare the FE values obtained for Ag50Cu50/SiMPs in this work with a 

homologous flat photocathode
[19]

 (Figure S10) we observed an inversion of the catalytic 

activity towards the products CO and CH4 : in the same experimental conditions, Ag50Cu50/p-

Si provides CO/CH4 in a ratio  0.3 (18.2 % FE for CH4 and 5.2% for CO) while Ag50Cu50/p-

Si MPs provides CO/CH4 at  1.8 (16.7% FE for CO and 9% for CH4). We believe this is due 

to the richer Ag content of the bimetallic NPs in these samples, specially at the top of the Si 

MPs (see SEM-EDX analysis in Figure 4 and TEM-EDX Figure S7), which favors CO 

detachment from Ag sites over stabilization and hydrogenation in concomitant Cu sites. Only 

CH4 is observed for Ag20Cu80/SiMPs (no CO production), which can be explained by the 

richer Cu environment in this composition (observed composition Ag36Cu64 by TEM-EDX) 

which favors CO spillover from Ag sites towards Cu sites, and CH4 production. A similar 

behavior is observed for Ag20Cu80 on flat supports (Figure S10). The interest of a NP 

synthesis method allowing easy tuning of the bimetallic composition can be discerned from 

these results. 

Despite the potentiality of the presented photocathodes for PEC-CO2RR, the majority 

product is still H2. Indeed, H2 is obtained in higher amounts with Si MPs vs. flat Si supports, 

especially for Cu/Si MPs. Thus, although Si MPs-based photocathodes perform better than 

flat substrates for energy conversion, they appear to be less efficient for CO2RR. The origin of 

this behavior will be investigated in the next section. 

3.8 Catalyst stability evaluation 

We performed several tests to investigate the stability of the catalysts. Figure 10 

shows SEM images of Ag50Cu50/Si MPs (panel (a)) and Ag20Cu80/Si MPs (panel (b)) after 1 h 

of photoelectrolysis, together with the corresponding XPS spectra. 



 

 

22 

 

 

SEM images revealed a severe loss of metal NPs after PEC measurements. The 

coverage decreased significantly (almost no particles were found at the bottom, see Fig. S11 

in the SI) and the remaining NPs aggregated into dense clusters. The loss was more acute for 

the monometallic photocathodes, especially Cu/Si MPs (Fig. S12), for which no metal NPs 

were observed after electrolysis. The agglomeration and detachment of metal NPs leaves free 

Si surfaces for HER, which is the reason for the lower CO2RR efficiency. Cu NP instability 

leading to a lower selectivity for CO2RR is a well-known problem and many efforts are being 

devoted to overcome it
[25,26]

. Nevertheless, it is important to emphasize that the bimetallic 

photocathodes are significantly more resistant to catalyst degradation than their monometallic 

counterparts. Thus, the bimetallic interactions stabilize the catalyst up to a certain extent. 

We hypothesized that the stronger degradation of the catalyst on Si MPs than on flat Si 

is actually a consequence of its higher activity, since it is accompanied by an increase in gas 

production from the CO2RR and HER. The gas bubbles that develop between the packed 

arrays of MPs should generate important frictional forces that favor NP detachment. The 

advantage of Si MPs to have a large surface area and thus a higher catalytic activity becomes 

a problem to retain small metal NPs bound to their walls by electrostatic forces. 

The surface composition and chemical state for the Ag50Cu50/Si MPs and 

Ag20Cu80/Si MPs photocathodes after 1 h of photoelectrolysis were evaluated by XPS. The 

peaks of Ag 3d5/2 and Cu 2p3/2 core-level emission spectra along with their doublets (Ag 3d3/2 

and Cu 2p1/2) are shown in Figure 10 (panels (a) and (b), respectively). The peaks at 367.9 

and 373.9 eV correspond to Ag
0
 3d (Ag 3d5/2 and Ag 3d3/2). No oxide peak (Ag-O) was 

observed. The metallic Cu 2p core-level peaks were centered at 932.2 eV and 952.1 eV. 

Oxidized Cu (Cu-O) peaks at 934.05 eV and 953.9 eV were also observed. The compositional 

analysis shows that the remaining (agglomerated) NPs have a Ag rich surface. For Ag50Cu50, 

the surface is actually Ag60Cu40. A larger change is observed for Ag20Cu80, with Ag93Cu7 on 

the surface after PEC. These values are average due to the compositional gradient existing 

along the MPs, which cannot be distinguished by XPS. However, the presence of some Cu 

remaining after PEC nevertheless indicates that the AgCu bimetallic helps to prevent total Cu 

loss. 
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Figure 10. SEM images and XPS spectra of bimetallic NPs on MPs based photocathode after 

1 h of photoelectrolysis at -0.87 V vs. RHE; (a) Ag50Cu50/p-Si MPs; (b) Ag20Cu80/p-Si MPs. 

Ag 3d and Cu 2p XPS core-level experimental spectra are plotted as black circles and the 

corresponding peak analysis as blue, green, and red lines. The surface compositions measured 

by XPS are indicated.  
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4 Conclusion and Perspectives 

Overall, we have demonstrated the feasibility of MACE as a method to deposit 

bimetallic AgxCu100-x NPs in 3D electrodes, specifically Si MPs. These macrostructured 

substrates are promising for driving PEC reactions (CO2RR in this case) from an energy 

saving point of view compared to homologous flat photocathodes, as indicated by their 

enhanced light trapping capabilities, higher photocurrent density at a given overpotential, and 

superior power savings. In addition, bimetallic coated photocathodes are more efficient in 

energy conversion than monometallic ones and more selective in CO2 reduction towards high 

energy density products (in this case CH4). The compositions that provide the largest gain in 

potential and resistance to degradation (Ag20Cu80 and Ag50Cu50, respectively) have been 

identified. These novel materials have great potential for efficient light-driven CO2 

conversion. 

The proposed deposition method allows a fairly good control of the bimetallic 

composition and a bimetallic coating all along the sample. Nevertheless, it shows an 

important dependence on the ion supply to the 3D surfaces by diffusion, which generates 

gradients in the bimetallic coatings, with a high NP density in the middle and upper part of the 

pillars compared to the bottom. We are currently investigating the impact of bimetallic 

deposition under dynamic conditions, i.e., with constant agitation of the precursor solutions at 

different sweep rates for forced convection, with encouraging results. 

Although the 3D photocathodes show high potential to drive PEC reactions with a 

lower external energy input compared to flat surfaces, the stability of the catalysts is 

negatively affected due to the intense gas evolution between the MPs combined with the 

intrinsic instability of Cu-based nanoelectrocatalysts. Current efforts are devoted to 

developing methods to prevent catalyst detachment, from simply increasing the catalyst 

loading (as in the work of Lewis et al.
[24]

 for pure Cu NPs) without preventing light 

absorption, to developing advanced protective layers by area selective atomic layer 

deposition.  

This is the first time that Si MPs coated with bimetallic NPs have been applied to the 

PEC-CO2RR. We believe that the findings presented in this work will be a useful guide for 

the development of easily scalable, more efficient light-driven systems for CO2RR based on 

metal-coated 3D Si substrates. 
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