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ABSTRACT: A high surface area p-type porous Si photocathode containing a covalently immobilized molecular Re catalyst is 

highly selective for the photoelectrochemical conversion of CO2 to CO. It gives Faradaic efficiencies of up to 90% for CO at poten-

tials of -1.7 V (versus ferrocenium/ferrocene) under 1 sun illumination in an acetonitrile solution containing phenol. The photo-

voltage is approximately 300 mV based on comparisons with similar n-type porous Si cathodes in the dark. Using an estimate of the 

equilibrium potential for CO2 reduction to CO under the optimized reactions conditions, photoelectrolysis were performed at a 

small overpotential and the onset of electrocatalysis in cyclic voltammograms occurred at a modest underpotential. The porous Si 

photoelectrode is more stable and selective for CO production than a photoelectrode generated by attaching the same Re catalyst to 

a planar Si wafer. Further, facile characterization of the porous Si based photoelectrodes using transmission mode FTIR spectrosco-

py leads to highly reproducible catalytic performance. 

INTRODUCTION 

The immobilization of molecular catalysts on solid supports 

can potentially combine the tunability of homogeneous cataly-

sis with the practicality of heterogeneous catalysis.1 For pho-

toelectrochemical processes such as CO2 reduction, a semi-

conducting support can also serve as the light absorber, trans-

ferring electrons (or holes) to the molecular catalyst, but there 

is a need for supports that are easier to characterize, more du-

rable, and give greater reproducibility in catalysis.2 Si is an 

attractive semiconducting support because it is abundant, in-

expensive, able to absorb light and separate charge, and its 

surface chemistry and electronic properties are well-studied.3 

Nevertheless, reports of the immobilization of molecular cata-

lysts on planar Si wafers are rare, and these systems often give 

poor and irreproducible catalytic performance,4 due to their 

reactivity with oxygen, low surface area, modest catalyst sur-

face coverages, and thus low activity.5  

Porous Si, in contrast, is an easy to prepare and tunable ma-

terial, that can exhibit unusual stability against oxidation at 

room temperature6 and has surface areas that can be orders of 

magnitude greater than planar Si.7 Despite the widespread use 

of porous Si in biomedical sensing,8 drug delivery,9 and mi-

croelectronics,10 to our knowledge porous Si has yet to be used 

as a support for molecular catalysts.11 Here, we describe the 

covalent attachment of a derivative of the well-known molecu-

lar CO2 reduction catalyst (bpy)Re(CO)3Cl (bpy = 2,2'-

bipyridine)12 to p-doped porous Si.13 The resulting hybrid pho-

toelectrodes are more selective, stable, and reproducible pho-

toelectrocatalysts for CO2 reduction to CO, compared to planar 

Si photoelectrodes. This suggests that porous Si based materi-

als may solve some of the challenges associated with finding 

inexpensive light-absorbing materials to immobilize molecular 

catalysts. 

RESULTS & DISCUSSION 

Hydrogen-terminated porous p-type Si (H-porSi) was pre-

pared using a previously described galvanostatic etching pro-

cess with an aqueous HF solution in ethanol (see Figures 1a & 

S1).14 Transmission IR spectra of the H-porSi wafers exhibited 

SiHx stretching bands at 2138 (SiH3), 2116 (SiH2), and 2089 

(SiH) cm-1, and an SiH2 bending mode at 908 cm-1 (Figures 1b 

& S2).15 Following a prior report,16 the intensity of these SiHx 

bands was used to confirm the reproducibility of the etching 

process between H-porSi wafers. The observed Si–O stretch at 

1104 cm-1 is intrinsic to the Czochralski (Cz)-type Si wafers, 

which contain interstitial oxygen atoms,17 and the intensity of 

the Si–O stretch was similar before and after galvanostatic 

etching. X-ray photoelectron spectra (XPS) of the H-porSi 

wafer showed a peak at 99.9 eV and a small broad feature at 

100.7 eV (Figures S3 & S4), which is typical for hydrogen-

terminated Si with a slightly oxidized surface.18 Surface area 

measurements using a nitrogen isotherm established a BET 

surface area of approximately 200 m2/g (Figure S5), similar to 

other examples of porous Si,19 and a surface roughness factor 

(measured vs. geometric surface area) of 104. Cross-sectional 

SEM images of the H-porSi wafers showed a pore depth of 

~3.2 𝜇m (Figure 1c), with a sponge-like internal pore structure 

with roughened walls. Overall, H-porSi can be easily and re-

producibly made and characterized and is stable upon expo-



 

sure to O2 under ambient conditions (Figures S6 & S7), which 

is crucial for achieving reproducible catalytic results. In par-

ticular, the ability to use transmission mode FTIR spectrosco-

py to characterize H-porSi is a major advantage over flat Si 

wafers and other conductive supports such as doped graphene 

and C3N4. 

A Re complex with a pendant alkene, (Rbpy)Re(CO)3Cl (1, 
Rbpy = 4-(but-3-en-1-yl)-4'-methyl-2,2'-bipyridine),4e was 

attached to H-porSi via hydrosilylation (1@porSi, Figure 2a). 

The hydrosilylation reaction converts surface Si–H bonds to 

Si–C bonds and is a common strategy to covalently attach 

molecules to hydrogen-terminated Si surfaces.13 In this case, 

catalyst 1 was covalently attached to the surface via a butyl 

linker (Figures S8-S10). After hydrosilylation, 1@porSi was 

rinsed with different solvents and subjected to vacuum to re-

move any physisorbed 1 and residual solvent. To quantify the 

amount of Re attached to the surface, a wafer of 1@porSi was 

digested in acid and analyzed by Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS). A sample of 1@porSi with a 

geometric area of 1.2 cm2 contained roughly 41 nmol of Re 

(Table S1). This is ~100 times more Re than a monolayer of 1 

on a flat Si wafer of the same geometric area, though the frac-

tional surface coverage of Re in 1@porSi is lower in compari-

son to flat Si.4e 

The transmittance FTIR spectrum of 1@porSi exhibited 

prominent (CO) bands at 2019 and 1922 cm-1 (Figures 2b & 

S10). The position of the (CO) stretches is typical for 

(bpy)Re(CO)Cl complexes,20 with the lower-energy band 

broader and likely composed of two overlapping CO stretches. 

The (CO) intensities were used to judge the reproducibility of 

catalyst attachment across samples of 1@porSi (Figure S11). 

Attachment of 1 reduced the intensity of the surface  

Si–H stretching bands at ~2100 cm-1 by approximately 60%. 

Even though the immobilization was conducted under dry, 

oxygen-free conditions, the Si–O stretches at 1104 cm-1 in-

creased significantly, and a new peak was observed at 2250 

cm-1, corresponding to partially oxidized OSi–H groups.21 

These observed spectral changes are caused by both the hy-

drosilylation reaction and some surface oxidation.  

XPS provided additional evidence for the presence of at-

tached Re in 1@porSi (Figures 2c, S12-15). Considering that 

XPS typically analyzes the top 10-15 nm of a material, which 

accounts for less than 1% of the pore depth of Si as judged by 

SEM, we employed two sampling methods to probe the distri-

bution of Re in 1@porSi. First, an intact sample was analyzed 

to measure the elemental distribution of the top 10-15 nm of 

the pores. Secondly, a powdered sample was obtained by 

scratching and scraping only the pores off the Si wafer. XPS 

of this powder provided an average distribution of elements 

throughout the porous area. Both XPS measurements exhibited 

a Re 4f doublet (41.5 eV for the 4f7/2 peak), which confirms 

the presence of Re(I) species throughout the porous 

structure.22,23 Cross-sectional SEM confirmed that the internal 

pore structure of 1@porSi was similar to H-porSi, showing 

that the hydrosilylation reaction did not change the structure of 

the wafer (Figure 2d). EDS mapping further validated the 

presence of Re in 1@porSi but could not establish the location 

of Re within the porous structure due to overlap between the 

Re and Si emission lines (Figures S16 & 17). 

 
Figure 2. a) Schematic for the immobilization of 1 on porous p-type (1-10Ω cm-1) Si to form 1@porSi. Characterization of 1@porSi: 

b) FTIR and c) Re 4f region XPS spectra. The XPS spectra are of an intact sample, which is representative of the top 10-15 nm of the 

surface, and a powdered sample, which was obtained by scratching of the porous material and mixing and is representative of the en-

tire pore. d) Cross-sectional SEM image (8,000x magnification). 

 

 

Figure 1. Preparation and characterization of freshly etched H-

porSi. a) Schematic showing the preparation of H-porSi. b) FTIR 

spectrum, c) cross-sectional SEM images (9,000x magnification). 

 



 

The photoelectrochemical properties of 1@porSi were ex-

plored under 1 sun illumination in acetonitrile (MeCN) with 

100 mM phenol in a custom cell (Figures S18 & S19). The 

first scan in cyclic voltammograms of 1@porSi are similar 

under Ar vs. CO2 atmospheres (Figures 3a & S20). In both 

cases, significant current is observed with an onset potential 

around –1.0 V. However, there is a noticeable drop in current 

in the second and subsequent scans of 1@porSi under Ar, 

which is much less pronounced under CO2. We hypothesize 

that the current in the first scan is dominated by an irreversible 

electrochemical response from the surface of porous Si, from 

Si-H bonds or surface states.24 This electrochemical response 

is independent of the atmosphere (CO2 or Ar) or the presence 

of 1 on the surface (Figure S21).  

In subsequent scans, the cyclic voltammograms increasingly 

reflect the different catalytic processes occurring under CO2 

and Ar (CO2 reduction vs. hydrogen evolution reaction). Con-

sistent with this proposal the current and shapes of the second 

scans are different under CO2 and Ar and in the presence and 

absence of 1 (Figure 3b). No redox features associated with 1 

could be discerned for 1@porSi (under CO2 or Ar) using cy-

clic voltammetry or linear sweep voltammetry (Figure S22 & 

S23). This is likely due to 1@porSi being far from an ideal 

electrode for cyclic voltammetry, with a range of microenvi-

ronments (both in solution within the pores and possibly with-

in the Si of the pores), tortuous diffusion pathways for electro-

lyte and substrates, and complex behavior of the Si photoelec-

trode under these conditions.25 As discussed further in section 

S.VI. of the SI, we conclude that standard electrochemical 

analyses of such electrodes do not directly report on the redox 

properties of adsorbates.  

Photoelectrocatalytic reduction of CO2 by 1@porSi in a 

CO2-saturated MeCN solution containing 100 mM phenol was 

examined with controlled potential photoelectrolysis (CPE) at 

-1.71 V versus Fc+/Fc with 1 sun illumination. Analyzing the 

headspace using gas chromatography26 showed CO as the only 

carbon product, along with H2 (Figures S24 & S25). The CPE 

experiment passed ~8 C of charge over ca. 5.5 h. After 5.5 h, 

GC analysis showed 36 μmol of CO and 7 μmol of H2 (Figure 

3d), with time-averaged Faradaic efficiencies for CO (FECO) 

and H2 (FEH2) of 91(9)% and 18(2)%, respectively (Figure 3e). 

The FECO remained relatively constant at 70-95% over 5.5h, 

but the current decayed from ca. 0.4 to 0.2 mA (Figure 3e). 

The maximum current density for CO production is ~0.4 

mA/cm2 and based on the amount of Re estimated from ICP-

MS the TOF is 160 h-1. These results were reproducible over 

different CPE experiments within ±7%. Photoelectrochemical 

reduction of 13CO2 under the standard conditions produced 
13CO (by GC-MS, Figures S26-28). Thus, CO2 is the source of 

the CO generated in the reaction. 

A photovoltage for electrocatalysis of approximately 300 

mV was obtained by comparing the catalytic onset potentials 

of 1@porSi versus a photoelectrode containing 1 immobilized 

on a degenerately doped n-type porous Si wafer using cyclic 

voltammetry (Figure 3c; see Figures S29-31 for experimental 

details). The ~300 mV photovoltage is consistent with the 

many reported photovoltages using p-Si photoelectrodes (0.2 

to 0.6 V).27  

The overpotential for the photoelectrocatalytic reduction of 

CO2 is an important metric but is difficult to estimate in multi-

component solutions, such as those studied in this work. The 

standard potential for CO2 reduction to CO and H2O in MeCN 

has been predicted in the presence of buffers.28 Further, 

Matsubara carefully examined how the standard potential for 

3 CO2 to CO and 2 HCO3
– is affected by water.29 However, 

estimation of the equilibrium potential for the system de-

scribed here is complicated by the absence of significant CO, 

H2O, and phenoxide at the outset of photoelectrocatalysis, and 

by the reactions of these products with each other and with 

CO2. We estimate the equilibrium potential under our electro-

catalytic conditions is -1.6 V versus Fc+/Fc, as described in 

Section S.X. of the SI. This is also the value that Matsubara 

derived for 3 CO2 to CO and 2 HCO3
– at low water 

activities.29b An equilibrium potential of -1.6 V implies that the 

CPE experiments in this work were performed at a small over-

potential. The onset of photoelectrocatalysis (see Figure 3a) 

from cyclic voltammetry (~-1.2 V) occurred at an underpoten-

tial, suggesting a small formal amount of storage of the photon 

energy under these conditions.  

In preliminary experiments to explore how our system 

might be optimized, we performed a CPE experiment where 

 
Figure 3. Photoelectrochemical performance using 1@porSi as the 

working electrode. a) Three consecutive cyclic voltammogram 

scans of 1@porSi under CO2 with 100 mM phenol. b) Second scan 

cyclic voltammograms of 1@porSi with under CO2 with 100 mM 

phenol (red), under Ar (black) and of HporSi with 100 mM phenol 

under CO2 (dashed). c) Cyclic voltammograms of 1@porSi (red) 

and 1@porSi-n-type (black, recorded in dark) with 100 mM phenol. 

d) Cumulative amount of CO and H2 versus time and e) FE at each 

individual time point and catalytic current versus time in a CPE 

experiment at −1.71 V versus Fc+/Fc. f) Comparison of product 

distributions, total charge passed, and apparent FE for H2 from four 

95-minute CPE experiments with 1@porSi, a freshly etched H-porSi 

wafer, a H-porSi∆ wafer heated (160 °C) in mesitylene for 18 hours 

(without any Re catalyst) all under CO2, and a freshly etched H-

porSi wafer under 1 atm Ar. Cyclic voltammograms and CPE were 

performed with 1 sun illumination (except for 1@porSi-n-type) in 

MeCN saturated with the appropriate gas containing 100 mM phe-

nol and 0.1 M TBAPF6 electrolyte. 



 

the intensity of light was systematically decreased from 1 sun 

to 0.01 sun and then the irradiation stopped. The amount of 

CO produced was dependent on the intensity of light, although 

not linearly (Figure S25). After the irradiation was stopped, 

resubjecting the sample to 1 sun illumination returned the CPE 

to the original current. Effects of light intensity (and stirring) 

were also observed in linear sweep voltammetry experiments 

(Figures S22 & S23). In addition to the light intensity and 

mass transport, the moderate activity of 1 likely also con-

strains the catalytic performance of 1@porSi (see section 

S.VI. of the SI). 

Control experiments evaluated the photoelectrocatalytic ac-

tivity of H-porSi without any attached 1 (Figures 3f, S32-33). 

These experiments used our standard CPE conditions with 

either a freshly etched H-porSi wafer or an H-porSi∆ wafer 

that was heated at 160 °C for 18 hours in neat mesitylene (the 

hydrosilylation conditions without 1). These two control wa-

fers formed predominantly H2 with a small amount of CO 

(CO2 reduction by H-terminated Si materials has been report-

ed30). Thus, the immobilization of 1 is crucial for generating 

significant quantities of CO, and porous Si by itself is not effi-

cient for CO2 reduction. Similarly leaching of 1 into solution is 

not responsible for CO2 reduction (see section S.XII. of the 

SI). 

The 1@porSi hybrid photoelectrocatalyst performs dramati-

cally better than the same Re catalyst attached to a planar p-

doped Si wafer, under the same catalytic conditions. 1@porSi 

reduces CO2 to CO with 90% FE, while 1 on a planar wafer 

has a FECO of 18%.4e Further, 1@porSi generates CO for at 

least 5.5 hours (Figure 3e), while 1 on a planar wafer loses 

catalytic activity after 15 minutes. XPS and FTIR spectra of 

1@porSi before and after CPE showed that ~75% of the Re 

was still present after electrolysis in the form of complexes of 

the type (Rbpy)Re(CO)3X (X = solvent or atom from support; 

see Figures S34-S38). Reproducible catalytic results are ob-

tained using 1@porSi, with very similar kinetics, FEs, and 

current densities achieved over three trials (see Figures S39 & 

S40), while 1 on planar wafers gives irregular results. The 

reproducibility is in part due to our ability to gauge the quality 

of the initial H-porSi wafer and surface coverage of 1 using 

transmission FTIR spectroscopy. This degree of control is rare 

in the immobilization of molecular catalysts on solid supports. 

The high selectivity to CO with 1@porSi is even more re-

markable after a closer examination of the H2 production. 

While the average FEH2 is 18% over 5.5h, it was 145% over 

the first 10 minutes of CPE and rapidly dropped to less than 

10% for the remainder (Figure 3e). Even higher FEH2, >300%, 

were observed in 95-minute photo-CPE experiments using the 

H-porSi wafers described above, under CO2 or Ar (Figure 3f). 

These high FEs indicate that a single electron can generate 

multiple equivalents of H2 from hydrogen-terminated porous 

Si with and without 1 on the surface. CPE experiments using 

deuterated phenol and analyzing the H2/HD/D2 formed, which 

are presented in the SI (Figures S41 & S42), suggest that the 

Si-H bonds on 1@porSi and H-porSi participate in this path-

way. Such a non-catalytic pathway consuming the original 

SiH groups to form H2 could explain the high FEH2 values and 

why little H2 is produced after the first ~45 minutes (Figure 

3d). In this scenario, the catalytic selectivity for CO is higher 

than the values given above and should increase with CPE 

over longer times. 

CONCLUSIONS 

In conclusion, the first hybrid photoelectrocatalyst using po-

rous Si was prepared by hydrosilylating a Re-based molecular 

catalyst to hydrogen-terminated, p-type porous Si. 1@porSi is 

a selective, long-lived, and reproducible photocathode for the 

conversion of CO2 to CO, performing better than the same 

molecular catalyst identically attached to planar Si. While 

some of this improvement is likely a result of higher catalyst 

loading per geometric area with the porous substrate, the im-

proved selectivity for CO and the stability of the hybrid cata-

lyst would appear to depend on the porous morphology. The 

origin of how the local microenvironment within the pores 

affects catalysis is being explored. Overall, this study high-

lights the advantages of attaching molecular catalysts to semi-

conducting, porous, and high-surface area Si for photoelectro-

catalytic applications. 

SUPPORTING INFORMATION 

Procedures for selected experiments, characterizing data, electro-

chemical data, microscopy images. 
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