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Immobilising molecular Ru complexes on a
protective ultrathin oxide layer of p-Si electrodes
towards photoelectrochemical CO2 reduction†

Maxime Laurans, Jordann A. L. Wells and Sascha Ott *

Photoelectrochemical CO2 reduction is a promising approach for renewable fuel generation and to

reduce greenhouse gas emissions. Owing to their synthetic tunability, molecular catalysts for the CO2

reduction reaction can give rise to high product selectivity. In this context, a RuII complex [Ru(HO-tpy)(6-

mbpy)(NCCH3)]
2+ (HO-tpy = 4’-hydroxy-2,2’:6’,2’’-terpyridine; 6-mbpy = 6-methyl-2,2’-bipyridine) was

immobilised on a thin SiOx layer of a p-Si electrode that was decorated with a bromide-terminated mole-

cular layer. Following the characterisation of the assembled photocathodes by X-ray photoelectron spec-

troscopy and ellipsometry, PEC experiments demonstrate electron transfer from the p-Si to the Ru

complex through the native oxide layer under illumination and a cathodic bias. A state-of-the-art photo-

voltage of 570 mV was determined by comparison with an analogous n-type Si assembly. While the

photovoltage of the modified photocathode is promising for future photoelectrochemical CO2 reduction

and the p-Si/SiOx junction seems to be unchanged during the PEC experiments, a fast desorption of the

molecular Ru complex was observed. An in-depth investigation of the cathode degradation by compari-

son with reference materials highlights the role of the hydroxyl functionality of the Ru complex to ensure

its grafting on the substrate. In contrast, no essential role for the bromide function on the Si substrate

designed to engage with the hydroxyl group of the Ru complex in an SN2-type reaction could be

established.

Introduction

Limiting anthropogenic CO2 emissions from fossil fuel com-
bustion would contain climate change and contribute to stabi-
lising the global mean temperature. Consequently, converting
CO2 emissions into a renewable alternative energy source with
sunlight as the energy input is a promising alternative to
diminish atmospheric CO2 concentration and lower its
impact.1,2

The development of molecular catalysts for the CO2-
reduction reaction (CO2RR) and the conversion of CO2 into
fuels has been widely studied3–12 to circumvent the formation
of the highly energetic radical anion CO2*

−, the product of
one-electron reduction of CO2.

3–5 Molecular catalysts lower the
activation energy barriers and facilitate the (photo)electro-
chemical formation of various fuels. The fine tuning of mole-
cular catalysts by synthetic modifications permits the selective

reduction of CO2
13 and has the potential to outcompete H2

evolution which occurs at similar electrochemical potentials.
Although molecular catalysts can present higher selectivity

in the CO2RR than solid-state catalysts, their degradation in
solution is frequently problematic. Thus, their immobilisation
onto various solid supports to afford heterogeneous electro/
photocatalytic devices has moved into the centre of
interest.14–23 Heterogenisation of molecular catalysts on photo-
electrodes would combine the advantages of homogeneous
catalysts with high CO2RR selectivity with those of hetero-
geneous systems that simplify product isolation and catalyst
recycling.4,9,12,14,16 This approach can also render water-in-
soluble molecular catalysts useable in aqueous devices.

Silicon is a low-cost narrow band gap (1.1 eV) semi-
conductor that can harvest light from a large part of the solar
spectrum. Since the first use of a heavily-doped p-Si photo-
cathode for H2 evolution by Candea et al. in 1976, p-Si has
been an attractive candidate for the assembly of
photoelectrodes.24–28 Recently, examples of silicon-based
photocathodes modified by molecular catalysts have been
developed for proton reduction29–34 and the CO2RR.

4,16,19,35

Some of these studies have been carried out by grafting the
molecular catalyst directly onto freshly etched Si.30,36,37
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However, silicon surface functionalisation remains sensitive to
oxidation and requires the strict exclusion of air and moisture
during assembly and when performing catalysis.36–38

Without specific etching procedures, silicon surfaces
present a native silicon oxide layer that is suggested to bring
advantages to the photocathode. Indeed, the presence of a
thin insulative layer would improve the open-circuit potential
compared to a silicon–coating interface by avoiding current
leakage of the majority carrier flow (holes on p-Si) that goes in
the opposite direction to the minority carrier flow (electrons
for p-Si), towards the anode. Moreover, native silicon oxide
layers thinner than 3 nm are permeable to minority carriers by
tunnelling (electrons for p-Si).39,40 Additionally, silicon oxide is
thermodynamically stable at a wide pH range and would
provide a stable supportive substrate.41 Therefore, the immo-
bilisation of molecular complexes onto native silicon oxide
could be defined as an MIS (Metal–Insulator–Semiconductor)
inspired junction in which the complex layer plays a similar
role to the metal in that it acts as a charge extraction layer com-
bined with potential catalytic features. We envisaged that the
presence of the insulative oxide layer would still allow a signifi-
cant photovoltage for the CO2RR and potentially limit the
back-electron transfer after catalyst reduction at the surface.

Recently, we and others have developed a family of Ru-
based CO2RR catalysts, [Ru(tpy)(bpy)(NCCH3)] (tpy = 2,2′:6′, 2′′-
terpyridine and bpy = 2,2′-bipyridine), that present a high CO2-
to-CO selectivity.42–45 The presence of a methyl group at the
bipyridine facilitates the dissociation of the acetonitrile ligand
upon one-electron reduction and promotes the electro-
chemical CO2RR via a low-overpotential ECE mechanism. The
methyl group was also included in the present study, and we
report a new member of this catalyst family, [Ru(HO-tpy)(6-
mbpy)(NCCH3)]

2+ (1) (HO-tpy = 4′-hydroxy-2,2′:6′,2″-terpyridine
and 6-mbpy = 6-methyl-2,2′-bipyridine), that contains a
hydroxyl group for grafting on native silicon oxide coated p-Si
flat electrodes. The silicon based molecular junctions were pre-
pared in a bottom-up approach. First, a bromine-terminated
reactive layer was grafted on flat p-Si/SiOx through a siloxane
linkage. Subsequently, this decorated surface was reacted with
(1) bearing the complementary hydroxyl function for an ether
linkage. The structural characterisation of the assembly was
performed by X-ray photoelectron spectroscopy (XPS) and ellip-
sometry. The electrochemical properties of the assembly were
investigated by cyclic voltammetry while the stability of the
adducts under the photoelectrochemistry (PEC) conditions
was explored by XPS.

Synthesis and characterisation of (1)

The complex [Ru(HO-tpy)(6-mbpy)(NCCH3)]
2+ (1) bears a

hydroxyl group in the 4′ position of the terpyridyl moiety that
is envisaged to engage in ether bond formation with the
bromide-terminated supportive layer described below.
Complex (1) was synthesised by adapting literature procedures
(Fig. 1).43,46,47 As a key step, the ruthenium dimer (3) that was

formed from the reduction of (4) in the presence of triethyl-
amine could be easily separated from unidentified impurities
by simple filtration.46,48 Complex (3) is a dark purple-black
solid which upon reaction with 6-mbpy gives rise to (2). The
indirect pathway via (3) allows easier purification of (2) by
chromatography on alumina than the direct synthesis of (2)
from (4).

As reported by Johnson et al., the asymmetric 6-methyl-2,2′-
bipyridine ligand leads to the formation of cis- and trans-
isomers.43 Both isomers of (1) could be observed by 1H NMR
spectroscopy, with the trans-isomer being the major component
(Fig. S1†). The trans-isomers of this family of complexes have
been shown to promote the CO2RR at a lower overpotential than
the cis-isomers. Due to the difficulties in their separation and
potential interconversions, the subsequent study was conducted
on a mixture of cis- and trans-isomers of (1).

High-resolution mass spectrometry in the positive mode
attests the formation of complex (1). The main signal at m/z:
260.5384 (calc. 260.5389) corresponds to the dication (1) with
the loss of the acetonitrile ligand. The assignment of all other
peaks is presented in the Experimental section.

Single crystals of (1) and (2) suitable for X-ray diffraction
analysis were obtained by vapor diffusion of diethyl ether into

Fig. 1 Synthetic scheme for the preparation of (1) and single-crystal
solid-state structures of trans-(1) (bottom left) and cis-(2) (bottom right).
All atoms are displayed as capped sticks, and H atoms and non-coordi-
nating Cl− and PF6

− counterions have been omitted for clarity.
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a concentrated acetonitrile solution of (1) and by layering a
CD3Cl solution of (2) with aqueous conc. HCl, respectively.
The asymmetric unit of (2) contains a single complex, while
that of (1) contains two non-equivalent complexes. In both (1)
and (2), the Ru centers exhibit a six-coordinate, distorted octa-
hedral geometry (Fig. 1). The HO-tpy ligand occupies a meri-
dional plane and the 6-mbpy and chloride or CH3CN co-
ligands satisfy the metal coordination sphere. The 6-mbpy
ligands exist both in the cis- and trans- conformations with
respect to the chloride and CH3CN ligands in the solid-state,
resulting in a positional disorder in the solid-state structures.
The bond lengths in (1) are comparable to those of the related
complexes. The average Ru–Nterpy distance of 2.040(3) Å is
within the range of the previously reported examples
(1.958–2.083 Å), while the average Ru–Nbipy length of 2.086(8)
Å are slightly elongated (2.019–2.085 Å).49–51 Unfortunately,
very low intensity data were obtained from single crystals of
(2), which did not allow for the structure to be discussed
beyond connectivity information. Further details of both struc-
tures are provided in the ESI.† The average C–O bond length of
1.333(6)–1.351(7) Å in (1) is consistent with that of a proto-
nated oxygen atom as previously reported for related
complexes.47

Cyclic voltammetry in solution

In order to verify the redox properties of (1) prior to surface
anchorage, the complex was studied by cyclic voltammetry
(CV) in the homogeneous phase (0.1 M TBAPF6 in CH3CN). As
visible in Fig. 2, several cathodic features can be observed
between −1.78 and −2.26 V (all potentials are given vs. Fc+/0).
The first reductive process is an irreversible wave at Epc = −1.78
V. Its attenuation on the second consecutive scan at ν =
200 mV s−1 and its disappearance in the presence of 1.1
equivalents of (iPr)2EtN (DIPEA, Fig. 2 left) suggest that this
process is a ligand-based reduction with concomitant deproto-
nation. Indeed, Fujita and co-workers recently reported the
absence of the most anodic reduction wave on the second scan
or after the chemical deprotonation of the hydroxyl-modified
polypyridyl-Ru complexes similar to (1).52 They assigned this

phenomenon to a ligand-based reduction that is accompanied
by the loss of a proton. Tanaka and co-workers also reported a
comparable behaviour in the presence of Et3N.

53

Upon the addition of (iPr)2EtN, a new wave appears at Epc =
−1.86 V (Fig. 2, left) that is attributed to the reduction of an
ammonium cation formed by the deprotonation of (1). This
assignment is based on the work by Tanaka and co-workers,
who reported the reduction of Et3N-H

+ formed by the deprotona-
tion of a complex similar to that of (1) at E = −1.75 V vs. Ag+/0.53

Irrespective of the presence of (iPr)2EtN, a second irrevers-
ible reduction can be observed at Epc = −1.95 V which can be
attributed to the reduction of the deprotonated complex (1)
(Fig. 2, left). As a result of the negative charge, this reduction
is cathodically shifted compared to that of the mother complex
(5) (Chart 1) that lacks the hydroxyl group (Fig. S3†).53,54

The introduction of the hydroxyl function on (1) is compatible
with the CO2RR as current enhancement can be observed
at Epc = −1.95 V when the CV is conducted under CO2 (Fig. 2,
right).

Having proven that the catalytic activity of the complex is
not greatly altered by the presence of the hydroxyl group, the
grafting of (1) was pursued.

Immobilisation on silicon substrate

The immobilisation of (1) onto silicon wafers followed a two-
step process. For the work presented herein, we decided to
take advantage of the native oxide layer that covers the silicon
wafers. This thin oxide layer is envisaged to protect the under-
lying semiconductor, while acting as a tunnelling barrier for
charge extraction by (1).

In the first step, a supportive molecular layer of 3-bromo-
propyltrimethoxysilane (Br-PTMS) was installed onto the native
silicon oxide (p-Si/SiOx/Br, Fig. 3). The second step included
the anchorage of complex (1) on the modified surface to afford
p-Si/SiOx/[Ru]. The bromide groups are complementary to the
hydroxyl group of (1) for ether bond formation via an SN2 reac-
tion in the presence of (iPr)2EtN.

Halide terminated monolayers have previously been shown
to engage in SN2 substitution reactions with strong nucleo-
philes such as azide, thiocyanate, or alkoxide anions.55–58

Fryxell et al. have shown that such SN2 reactivity is decreased

Fig. 2 Cyclic voltammograms of (1) (1 mM). Left: in the absence and
presence of 1.1 equivalent of (iPr)2EtN under Ar. Right: under CO2

(dashed line) compared to the response under Ar (solid line). All experi-
ments were done in 0.1 M TBAPF6 in CH3CN, ν = 200 mV s−1. Chart 1 Representation of complex (5).
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when the halide is positioned at the terminus of highly
ordered monolayers that are obtained with long carbon chains
as the rigidity of such monolayers blocks the attack of the
incoming nucleophile at the halide-carbon.59,60 To guarantee
the flexibility of the monolayer and allow for a successful SN2
coupling, we chose to immobilise the short carbon chain Br-
PTMS onto p-Si/SiOx substrates. Moreover, we conducted the
grafting under an ambient atmosphere and high concentration
to lead to a potential disorganised and flexible molecular sup-
portive layer.61,62

The SN2 coupling of an alcohol decorated–Ru complex with a
flexible Cl-terminated trialkoxysilane layer has previously been
performed on SiOx solid supports by thermal activation.57,58 It
is well known that the formation of robust monodentate alcohol
monolayers on SiOx requires a thermal activation.61,63

Therefore, to favour the SN2 coupling and limit a potential
direct interaction of (1) with SiOx, we chose to perform the
coupling at room temperature in the presence of an activating
base. The poorly nucleophilic and sterically hindered base
DIPEA was chosen for the SN2 reaction to avoid the potential
formation of an ammonium layer on the Br-terminated p-Si/
SiOx/Br layer.64,65 DIPEA (pKa = 10.75) is sufficiently basic to
deprotonate (1), the hydroxyl group of which is expected to have
a similar pKa as [Ru(tpy)(HO-tpy)]2+ (pKa = 5.85).47,66

The thickness of the native SiOx layer was determined by
ellipsometry before grafting with Br-PTMS and was found to
range between 12 and 17 Å from Si wafer to wafer. The p-Si/
SiOx/Br surfaces were obtained by grafting Br-PTMS using 0.1
M solutions in dry toluene overnight on a clean native silicon
oxide surface p-Si/SiOx (Fig. 3). The ellipsometry measure-
ments showed a slight increase in thickness of 8–9 Å, consist-
ent with the deposition of a molecular layer with a theoretical
thickness close to 6 Å for an ideally organised monolayer
(Fig. 3).

The XP spectra of the substrate did not feature any signals
that could be assigned to the bromide from the molecular
layer (Fig. S4†). However, this behaviour is not surprising and
has been observed before by Sato et al., who demonstrated the
degradation of 3-chloro- and 3-bromomethoxysilane layers on
silicon oxide during XPS measurements.67 In analogy, we
assigned the absence of a Br3d (5/2) contribution in the XP
spectrum to C–Br bond degradation during the measurement.
Nevertheless, the thickness increase as determined by ellipso-
metry indicates the successful formation p-Si/SiOx/Br which
was thus submitted to grafting with (1).

The p-Si/SiOx/Br coated surfaces were placed in a solution
of (1) in the presence of 2.5 equivalents of DIPEA in dry aceto-
nitrile for 4 days at room temperature under ambient con-
ditions.68 After a thorough rinsing step with acetonitrile, the
p-Si/SiOx/[Ru] surfaces were characterised by ellipsometry and
XPS.

The thickness of (1)-modified surfaces was expected to be
30–35 Å (Fig. 3). In agreement with these theoretical values,
the experimental thicknesses varied from 28 to 39 Å, thus indi-
cating the successful formation of p-Si/SiOx/[Ru].

XPS measurements were performed to further confirm the
composition of the p-Si/SiOx/[Ru] electrodes. All constitutive
elements of (1) were detected by XPS (Table 1) and the high-
resolution spectra of the C1s, Ru3d, and N1s regions are dis-
played in Fig. 4. A unique contribution is observed in the N1s
region at 399.9 eV. The C1s and Ru3d regions feature a contri-
bution at 280.9 eV attributed to Ru3d (5/2). The photopeak at
higher binding energy encompasses the C1s and Ru3d (3/2)
contributions. The latter was set at 285.1 eV in agreement with
the Ru3d (5/2) contribution (see the ESI†). Two C1s contri-
butions correspond to the C–H and C–C bonds from the alkyl
chain and the inherent C1s contamination at 284.6 eV and the
C–N, CvC and C–O bonds from the complex at 285.5 eV. The

Fig. 3 Representation of the grafting steps to achieve p-Si/SiOx/Br and p-Si/SiOx/[Ru] (Key: Ru (orange), N (blue), O (red), and C (grey)).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2021 Dalton Trans., 2021, 50, 10482–10492 | 10485

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 3
:4

1:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt01331a


atomic percentage of N/Ru shows a ratio of 5.9 N atoms for 1
Ru atom, consistent with the presence of intact (1) at the
surface (Table 1). No significant nitrogen contribution is
present in the spectrum of a control experiment of p-Si/SiOx/Br
after 4 days in a 2.5 mM DIPEA solution in acetonitrile and in
the absence of (1) (Fig. S5†), thus proving the absence of any
potential DIPEA-based quaternary ammonium ions.64,65

Interestingly, the survey spectrum of p-Si/SiOx/[Ru] also
shows a Br3d contribution between 68.1 and 68.8 eV that is
different from the typical range for C–Br bonds at 70.6 and
71.6 eV, and that is assigned to a bromide anion (Table 1,
entries 1–4).60 Bromide is the leaving group in the SN2 reaction
and may be trapped as a counter ion to the Ru complex.
Alternatively, bromide may also result from the decomposition
of unreacted C–Br bonds during the XPS scan as described

above but may be trapped under the layer of (1) on p-Si/SiOx/
[Ru].

To assess the robustness of the modified photocathodes
prior to the PEC experiments, the p-Si/SiOx/[Ru] electrodes
were exposed to several treatment procedures (Table 1), using
the Ru3d : N1s ratio as determined by XPS as stability markers.
The electrodes are stable to sonication in acetonitrile (5 min),
even in the presence of TBAPF6 (0.1 M), and the Ru3d (5/2)
and N1s photopeaks retain the 1 : 6 ratio as expected for (1)
(Table 1, entries 2 & 3; Fig. S6 and S7†). The p-Si/SiOx/[Ru] elec-
trodes are also stable under the conditions of the PEC experi-
ments (1 M TBAPF6 in acetonitrile), and no substantial desorp-
tion of (1) is observed (Table 1, entry 4; Fig. S6†).

Photoelectrochemistry study

The CVs of p-Si/SiOx/[Ru] were recorded under one sun illu-
mination (Fig. 5). Compared to the p-Si/SiOx and p-Si/SiOx/Br
reference electrodes, a significant photocurrent with a catho-
dic peak potential at Epc = −1.58 V is observed for p-Si/SiOx/
[Ru] (Fig. 5a). This effect can be explained by the presence of
(1) at the native oxide and an effect of potential DIPEA traces
is dismissed (Fig. S8†). The p-Si/SiOx/[Ru] electrode can be
described as an MIS junction where complex (1) extracts the
electrons photogenerated in the bulk of the p-Si semi-
conductor.41 The thin silicon oxide layer does not block the
electron transfer but acts merely as a tunnelling barrier for
charge extraction.41,69 The reduction of (1) at p-Si/SiOx can be
explained by the Fermi level pinning enhanced by the pres-
ence of a high density of interfacial traps at p-Si/SiOx

70,71 or
by the unpinning of the band edges of p-Si with the for-
mation of an inversion layer making the p-Si electrode behave
as a metal electrode under an applied bias and
illumination.41,72 To determine the effect of doping in p-Si/
SiOx/[Ru] upon illumination, an analogous conductive n+-Si/
SiOx/[Ru] electrode was prepared in a procedure analogous to
that described for p-Si/SiOx/[Ru]. Comparing the CVs of n+-Si/
SiOx/[Ru] and p-Si/SiOx/[Ru] shows a photovoltage of ca.
+570 mV at J = 100 µA cm−2 (Fig. 5b). This photovoltage is
similar to that observed for the reduction of [Re((tBu)2bpy)
(CO)3Cl] (530 mV) and [Fe2(µ-bdt)(CO)6] (500 mV; bdt =
benzene-1,2-dithiolate) in a homogeneous solution at an illu-
minated p-Si electrode.73,74 In terms of molecular acceptors
that are anchored on p-Si, Rose and co-workers observed
photovoltages varying from +200 to +235 mV for a nickel cata-
lysed proton reduction scheme.36 A table with reported photo-
voltages obtained for molecular species at illuminated p-Si is
included in the ESI (Table S4†).

Consecutive cathodic scans of p-Si/SiOx/[Ru] result in the
rapid disappearance of the photocurrent (Fig. 5c). The XPS
measurements of p-Si/SiOx/[Ru] after the PEC experiment
revealed the disappearance of all N1s and Ru3d (5/2) contri-
butions, while they were very prominent prior to the PEC
experiment (Fig. 6). The absence of these contributions indi-
cates a loss of the entire complex during the PEC study. In con-

Table 1 Atomic composition of p-Si/SiOx/[Ru] electrodes determined
from XPS measurements

Additional post-coupling
proceduresa

Atomic
ratio N/Ru

Binding energies/
eV (ref. Si 99.4 eV)

C N Brb

1 None 5.9 280.9 399.9 68.4
2 Sonication in CH3CN (5 min) 5.9 281.1 400.0 68.8
3 Sonication in TBAPF6 0.1 M in

CH3CN (5 min)
6.1 281.2 400.3 68.1

4 TBAPF6 1 M in CH3CN (20 min) 5.6 281.0 399.0 68.6

a All procedures were preceded and followed by copious rinsing with
acetonitrile. b Values determined from the survey spectrum.

Fig. 4 High-resolution XP spectra of the C1s, Ru3d, and N1s regions of
a p-Si/SiOx/[Ru] electrode (calibrated against Si2p at 99.4 eV).
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trast, the Si2p region of the XP spectrum remained unchanged,
highlighting the stability of the SiOx layer during the PEC experi-
ments (Fig. 7).41 The propensity of Si/SiOx/[Ru] to drive the
photoelectrochemical reduction of CO2 was probed by conduct-
ing the CV in a CO2-saturated electrolyte solution under one-sun
illumination. Unfortunately, no significant photocurrent
increase was observed relative to that of p-Si/SiOx/[Ru] under
argon (Fig. S9†). Such a current enhancement would be expected
for CO2RR activity at p-Si/SiOx/[Ru] during PEC measurements in
analogy to the observations with the homogeneous complex (1)
under CO2-staturated conditions. Its absence is most likely due
to the rapid detachment of (1) from the photoelectrode under an

applied bias. Johnson et al. have demonstrated that CO2 fixation
on the analogous complex (5) (Chart 1) is preceded at least by
one reduction step. Therefore, it is very likely that p-Si/SiOx/[Ru]
is not stable after the first reduction even under CO2-saturated
conditions and that CO2 fixation by the immobilised complex is
not ensured at the interface.

Discussion

From the PEC experiments, it is clear that the immobilised
molecular layers are sensitive to the application of a bias.

Fig. 5 Cyclic voltammograms of (a) p-Si/SiOx, p-Si/SiOx/Br, and p-Si/SiOx/[Ru]; (b) p-Si/SiOx/[Ru] (solid line), and n+-Si/SiOx/[Ru] (dashed line); and
(c) p-Si/SiOx/[Ru] in the dark (0) and under one sun illumination (1–3) (TBAPF6 1 M in CH3CN, ν = 1 V s−1) under an Ar atmosphere.

Fig. 6 High-resolution XPS of C1s/Ru3d and the N1s regions of p-Si/SiOx/[Ru] before (a and b), and after (c and d) the PEC experiments.
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Consequently, it is legitimate to question the efficiency of the
SN2 coupling reaction, even though all the XPS data prior to PEC
confirm the presence of (1). To shine more light on the nature of
the bond between (1) and the underlying substrate, different
control experiments were performed, in particular, to delineate
the role of the bromide and the hydroxyl functional groups.

If the immobilisation of (1) proceeds through ether linkage
formation as envisaged, removing either of the functional
groups should decrease the grafting yield dramatically.
Therefore, an n-propyltrimethoxysilane (n-PTMS) modified
surface p-Si/SiOx/CH3 was prepared in analogy to the pro-
cedure described for p-Si/SiOx/Br and exposed to a 1 mM solu-
tion of (1) in the presence of DIPEA (2.5 mM). Although the
modified supporting substrate was lacking bromide, signifi-
cant Ru and N contributions were observed on the XP spectra
of the modified substrate (Table 2, entry 2; and Fig. S10†).
These results indicate the immobilisation of (1) even in the
absence of a terminal bromide. The presence of (1) on p-Si/
SiOx/CH3 might be due to the interaction between the hydroxyl
function of (1) and the residual Si–O–R (R = Me or H, if hydro-
lysed) bonds that did not react with the oxide surface.61,63 In
addition, the decreased N : Ru ratio of 5 : 1 may suggest
different anchorage modes of (1) on p-Si/SiOx/CH3 than on
p-Si/SiOx/Br, and in some cases, a ligand may be replaced by

Si–O–R of the supportive layer. The control experiment shows
that the bromide function does not play an essential role in
the immobilisation of (1).

Next, we investigated the possible interaction of (1) with a
non-modified p-Si/SiOx. Thus, a bare p-Si/SiOx substrate was
placed in a 1 mM solution of (1) in the presence of DIPEA.
Surprisingly, Ru3d and N1s contributions were also observed in
this case, even after sonication in an electrolytic solution
(Table 2, entry 3; Fig. S11†). Their presence demonstrates that a
strong interaction occurs even between the bare surface and (1).

In summary, these control experiments exclude the neces-
sity to have a bromide group present on the substrate for
immobilisation of (1). In order to elucidate the role of the
hydroxyl group on (1) for immobilisation, p-Si/SiOx/Br was sen-
sitised with complex (5) that is lacking the hydroxyl group
(Table 2).43 The high-resolution XP spectra of the resulting
material did not show any contribution of the Ru3d and N1s
regions (Table 2, entry 4; Fig. S12†). The absence of Ru and N
signals indicates that without the hydroxyl moiety, no inter-
action occurs between the terminal bromide or the potential
pendant Si–O bonds. This experiment clearly highlights the
crucial role of the hydroxyl group of (1) to ensure immobilis-
ation onto p-Si/SiOx/Br.

Conclusions

In summary, we presented the immobilisation of the complex
[Ru(HO-tpy)(6-mbpy)(NCCH3)]

2+ (1) on a p-Si based electrode
through a molecular bottom-up approach. The presence of a
thin insulative native oxide layer, which is intended to minimise
back electron transfer, allows efficient charge extraction giving
rise to a state-of-the-art photovoltage of +570 mV. The overall
architecture can be compared to an MIS junction in which
complex (1) takes the role of a metal layer. The study illustrates
the possibility of using p-Si to diminish the overpotential that is
needed for CO2 reduction by (1). Furthermore, the underlying
supportive photocathode p-Si/SiO2 architecture is not altered by
the applied potential. Despite these encouraging photoelectro-
chemistry results, severe desorption of complex (1) from the
photocathode was observed upon applying the potential, thereby
preventing further in-depth photoelectrochemical CO2 reduction
studies. In other words, the detachment of (1) is faster than any
catalytic CO2RR, which could thus not be demonstrated for p-Si/
SiOx/[Ru]. Although the exact interactions that are responsible
for the anchorage of (1) onto p-Si/SiOx/Br remained unclear, the
necessity of (1) to bear a hydroxyl group for anchorage was
clearly demonstrated. The challenge remains to produce more
robust photocathodes to ensure efficient catalytic devices.

Experimental
Instrumentation

NMR spectra were recorded using a JEOL (400YH Magnet)
400 MHz spectrometer at 293 K in CD3CN. Chemical shifts (δ)

Fig. 7 High-resolution XPS of the Si2p region of p-Si/SiOx/[Ru] before
(black) and after (red) the PEC experiments.

Table 2 Atomic composition of p-Si/SiOx/[Ru] electrodes determined
from XPS measurements

Supportive layer Complex Ratios N/Ru

Binding
energies/eV

C N

1 Br-PTMS 4 6.1 281.2 400.3
2 n-PTMS 4 5.2 281.0 399.9
3 SiOx 4 5.9 281.3 400.2
4 Br-PTMS 5 — — —

All samples were subjected to sonication (5 min) in 0.1 M TBAPF6 in
CH3CN, and preceded and followed by copious rinsing with CH3CN
after coupling the substrate in 1 mM of complex and 2.5 mM of DIPEA
in CH3CN at RT for 4 days. PTMS: propyltrimethoxysilane. Binding
energy values are referenced to Si 2p at 99.4 eV.
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are quoted as parts per million (ppm) and the coupling con-
stants J are reported in Hz. All 1H NMR spectra are referenced
to the solvent residual signal (δ = 1.94 ppm). HR-NSI-MS ana-
lyses were performed at the Organisch Chemisches Institut
WWU Münster.

Crystallography measurements were performed using
graphite-monochromatised Mo Kα radiation at 170 K using a
Bruker D8 APEX-II equipped with a CCD camera. The structure
was solved by direct methods (SHELXT-2014),75 and refined by
full-matrix least-squares techniques against F2

(SHELXL-2018)76 in Olex2 77 The non-hydrogen atoms were
refined with anisotropic displacement parameters. The H
atoms of the CH2/CH groups were refined with common isotro-
pic displacement parameters for the H atoms of the same
group and idealised geometry. The H atoms of the methyl
groups were refined with common isotropic displacement
parameters for the H atoms of the same group and idealised
staggered geometry. CCDC 2059979 and 2059980† contain the
supplementary crystallographic data for this paper.

Ellipsometry measurements were recorded using a J.A.
Woollam Co. RC2-XI spectroscopic ellipsometer equipped with
a 75 W Xenon Arc lamp. The measurement angles were 60, 65
and 70°. Data fitting was assured by using the Complete EASE
software using a Cauchy model (A = 1.450 and B = 0.010) on
the silicon surface. The molecular layer thickness was deter-
mined by subtraction of the oxide thickness measured before
the chemical modification.

XPS measurements were performed using a PHI Quantera
SXH spectrometer with a monochromatic Al Kα source (hν =
1486.6 eV) operated with a 25 W electron beam power and a
beam diameter of 100 µm. The spectra were collected with a 112
eV pass energy at a take-off angle of 45°. The binding energies
were referred to the Si2p binding energy calibrated at 99.4 eV.
The spectra were analysed by using the Casa XPS v 2.3.22PR1.0
software (Casa Software Ltd, UK) and all the elemental peak
intensities were corrected by Scofield factors (Table S3†).

Homogeneous electrochemical studies were performed on
an Autolab PGSTAT100 controlled by the GPES 4.9 software
using a standard three-electrode set-up with glassy carbon as
the working electrode. Photoelectrochemical studies were per-
formed on an Autolab PGSTAT204 controlled by the NOVA soft-
ware using a three-electrode set-up with a custom Teflon cell
(Pine Instrument) equipped with a quartz window. The modi-
fied silicon surfaces were used as the working electrodes. The
electrical contact of the silicon surfaces consisted of a drop of
gallium-indium eutectic covered by a conductive copper tape
(Electron Microscopy Science) in contact with a stainless-steel
back-contact. All electrochemical set-up encompassed an Ag/
Ag+ (0.01 M AgNO3 in CH3CN, calibrated against Fc+/Fc poten-
tial) nonaqueous reference electrode and a glassy carbon rod
auxiliary electrode.

The modified silicon surfaces were illuminated by a solar
simulator (SS-F5-3A Enlitech) equipped with a 300 W Xe light
source and an AM 1.5G spectral correction filter and calibrated
towards an NREL-traceable silicon solar cell (Ref SRC-2020-
SRC-00124 Enlitech).

Synthesis

All chemicals were purchased from commercial sources and
used as received. The boron p-doped silicon (111) wafers of
thickness 265 µM and a resistivity of 0.3–0.5 Ω cm were
ordered from Łukasiewicz ITME. Acetonitrile was dried by dis-
tillation over calcium hydride before electrochemical
studies and surface preparation. [(4′-Hydroxy-2,2′:6′,2″-terpyri-
dyl)(trichloro)ruthenium(III)] and [(2,2′:6′,2″-terpyridyl)(6-
methyl-2,2′-bipyridyl)acetonitrile ruthenium(II)] hexafluoro-
phosphate have been synthesised according to the literature
procedure.43,47 [Bis-((4′-hydroxy-2,2′:6′,2″-terpyridyl)(chloro)
ruthenium) dichloride] synthesis was adapted from the litera-
ture and led to a dark purple powder that was used without
further characterisation.46,47

Synthesis of [(4′-hydroxy-2,2′:6′,2″-terpyridyl)(6-methyl-2,2′-
bipyridyl)acetonitrile ruthenium(II)] hexafluorophosphate (1).
[Bis-((4′-hydroxy-2,2′:6′,2″-terpyridyl)(chloro)ruthenium) dichlo-
ride] (261.5 mg, 0.303 mmol) and lithium chloride (53.3 mg,
1.26 mmol) were placed under an inert atmosphere and solubil-
ised by a beforehand purged ethanol/water mixture (21/7 mL).
The suspension was purged 5 min after the addition of triethyl-
amine (170 µL, 1.22 mmol) and 6-methyl-2,2′-bipyridine (110 µL,
0.704 mmol). The reaction was heated to 90 °C for 3 hours
before 3 drops of HCl 37% were added to the cooled mixture.
The products precipitated upon the addition of saturated
ammonium hexafluorophosphate aqueous solution to the con-
centrated mixture. Finally, purification by column chromato-
graphy on alumina using LiCl saturated dichloromethane/
ethanol/water (8/1/1) as eluent led to [(4′-hydroxy-2,2′:6′,2″-terpyri-
dyl)(6-methyl-2,2′-bipyridyl)chloro ruthenium(II)] hexafluoro-
phosphate (37%).78

[(4′-Hydroxy-2,2′:6′,2″-terpyridyl)(6-methyl-2,2′-bipyridyl)chloro-
ruthenium(II)] hexafluorophosphate (39.0 mg, 0.056 mmol) was
placed in a acetonitrile/water (3/1) (40/10 mL) mixture at 90 °C
overnight. The solution was concentrated under reduced pressure
and cooled down. A red-orange precipitate appeared after the
addition of an excess of saturated ammonium hexafluoro-
phosphate aqueous solution. The solid was filtered off,
thoroughly washed with cold water and copiously rinsed with
diethyl ether to obtain 41 mg of (1) (86%).

1H NMR (400 MHz, CD3CN): δ = 8.40 (d, J = 8.02 Hz, 1H),
8.28 (m, 3H), 8.15 (t, J = 7.82 Hz, 1H), 7.95 (m, 4H), 7.87 (d, J =
7.82 Hz,1H), 7.76 (m, 3H), 7.45 (d, J = 5.57 Hz, 1H), 7.31(m,
2H), 7.10 (t, J = 6.35 Hz, 1H), 3.08 (s, 3H), 2.00 (s, 3H).

NSI-MS(+): m/z: 260.5384 ([M − 2PF6 − ACN]2+; calc.
260.5389); 281.0514 ([M − 2PF6]

2+; calc. 281.0522); 281.0514
([M − 2PF6]

2+; calc. 281.0522); 520.0696 ([M − 2PF6 − ACN −
H+]+; calc. 520.0706); 540.0757 ([M − 2PF6 − ACN + H2O + H+]+;
calc. 540.0968); 561.0959 ([M − 2PF6 − H+]+; calc. 561.0971);
707.0680 ([M − PF6]

+; calc. 707.0691).

Surface preparation

Pieces of ca. 1 × 1 cm were cut from a p-Si wafer. Prior to
coating, the surfaces were washed with water and then with
isopropanol which was followed by sonication (5 min) in iso-
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propanol. After another iso-propanol rinsing, a 5 min soni-
cation in dichloromethane was performed which was followed
by a final rinsing step using dichloromethane. Final cleaning
was performed in piranha solution for 15 min to eliminate
traces of organic residues. Caution: piranha solution is a very
corrosive mixture and thorough precaution must be considered
when handled. This was followed by a copious washing step
with water and 5 min sonication in water, followed by water
rinsing and drying under an Ar flow. All the grafting processes
were performed in the dark.

p-Si/SiOx/Br preparation

The freshly cleaned surfaces were placed overnight at room
temperature in a 0.1 M solution of 3-bromopropyl-
trimethoxysilane in dry toluene in air. The coated surfaces were
thoroughly rinsed with toluene and dried under an Ar flow.

p-Si/SiOx/[Ru] preparation

The freshly prepared p-Si/SiOx/Br were placed for 4 days at
room temperature in 0.001 M [Ru]-(3) solution in acetonitrile
in the presence of 2.5 eq. of DIPEA. The surfaces were then
copiously rinsed with acetonitrile (10 mL for each substrate)
and dried with an Ar flow. If needed, they were kept under an
Ar atmosphere before further characterisation.
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