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ABSTRACT: Re(bpy)(CO),Cl with a hexyl chain linker was covalently attached to Si (111)

p-type Si(111) via Si—C bond using an organolithium route and confirmed by XPS E — 6

and ATR-FTIR. Cyclic voltammetry (CV) shows two single-electron reductions with cB Y.

estimated photovoltages of 320 mV and 400 mV for the first and second reductions, ;Siﬂl

respectively. Both reductions were shifted by approximately 200 mV to more positive —s Hi \/ Hy
potentials relative to the homogeneous analogue measured with a methyl-terminated Y co
p-type Si(111). CV in a concentrated Cl~ solution indicated that the reformation of 5 - Z

the Re—ClI bond is slow, indicating a kinetic barrier in reactivity at the active site. “sio K \/ co
DFT geometry optimizations suggest that under negative bias the complex g _ i'SI ek
preferentially adopts configurations that move farther from the methylated Si Eyg - pomal i‘{ A~
surface, with the Re—Cl bond oriented parallel to it. Under CO,, only slight catalytic 4_(53’\ AT \hV

current enhancement was observed. Controlled-potential electrolysis (CPE) at —2.3
V vs Fc'/? yielded Faradaic efficiencies (FEs) of 15% for CO and 54% for H,,
compared to ~100% FE for CO observed in the homogeneous system. The selectivity shift is best explained by the dominance of
HER at the native Si surface, while CO formation remains limited by slow EC kinetics at the active site of the immobilized Re
complex.

H INTRODUCTION loading, facilitate heterogeneous electron transfer from the
substrate to the catalyst, and enhance selectivity when compared
to heterogeneous extended solids, which are known for their

L . . . 10,11 .
range of active sites with varying properties. Toward this

The realization of efficient strategies for harnessing renewable

energy from CO, reduction will be transformative in achieving
1 . . .

carbon neutrality. "~ One promising and efficient strategy is to

incorporate semiconductors with molecular catalysts to develop end, we sought to attach Re(2,2"-bpy)(CO);Cl type molecular
a hybrid molecular/semiconductor system in which the light electrocatalyst to a semiconducting surface and investigate its
absorbed by the semiconductor can compensate for the large photoelectrochemical CO, reduction activity.
overpotential required for the CO, reduction reaction.>* Semiconductor properties of doped silicon are well studied
Previously, our group demonstrated a selective reduction of and have been used as electrodes in electrochemical and
CO, to CO using the Re(bpy-Bu)(CO),Cl catalyst and a p-type photoelectrochemical cells. Various synthetic processes have
silicon photocathode.” This system achieved approximately 600 been used to modify the surface of Si with functional groups via
mV of photovoltage and reduced the energy input from the Si—C bonds, thereby imparting greater passivation against
applied potential, highlighting the energy efficiency of using a oxidation and enabling extensive studies of Si as a photo-
semiconductor photocathode in a homogeneous setup. electrode in an electrochemical setup.'>'* Hydrosilylation,"*~"°
However, reliance on homogeneous catalysts presents chal- organolithium,'”'® and Grignard chemistry'®> are well-

lenges, including issues with catalyst stability and recovery, and
limited solvent choices, making the system difficult to scale up
for practical use.’

There is great interest in transitioning from a homogeneous
catalyst platform to the development of robust, selective, and
efficient hybrid heterogeneous materials via the immobilization
of molecular catalysts onto solid support substrates.””” Ideally,
immobilizing molecular catalysts on a surface yields more
efficient and effective catalytic materials. The anchoring of the
electrocatalyst onto the surface can lead to lower catalyst

established methods for functionalizing organic molecules on
Si surfaces. In this study, we employed the Grignard and
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Scheme 1. Covalent Surface Attachment of Re Bipyridyl Complex on Si(111) Surface Using Organolithium Reaction and
Grignard Chemistry
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Scheme 2. Synthesis of Bipyridine Ligand with Hexyl Linker. R = H for Ligand for Homogeneous Re(4-Hexyl-4'-methyl-2,2’-
bipyridine) Complex. R = Br for Bromine Terminated Version for Attachment
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Figure 1. Cyclic voltammogram of Re(bpy-4-hexyl) (CO);Cl in dry MeCN with 0.1 M [Bu,N][PF] with glassy carbon WE (A and B) and methylated
Si(111) surface as WE (C and D). The Re complex concentration was 2 mM when using a glassy carbon working electrode and 6 mM when using a
methylated Si working electrode. Comparison under CO, (red) and Ar (black) was shown on the right side. All experiments were conducted with Ag/
AgNO; reference electrode, graphite counter electrode. Ferrocene was used as an internal reference. Scan rate = 100 mV/s. The methylated Si cathode

was illuminated with 660 nm laser LED with 15 mW/cm? power.

organolithium reaction (Scheme 1) to ensure reliable covalent

attachment of the rhenium catalyst.
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Figure 2. (A) Re 4f region of XPS of the Re complex attached to Si(111) and (B) ATR-FTIR measurements of Re attached to porous silicon (red) and
the Re(4-hexyl-bpy)(CO);Cl in MeCN (black). The IR bands correspond to symmetric (2024 cm™") and asymmetric stretching modes (~1905

cm™) of the carbonyl of the complex.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Homogenous
Re(4-Hexyl-bpy)(CO);Cl

The ligand 4-hexyl-4’-methyl-2,2-bipyridine for the homoge-
neous Re(bipyridine) complex was synthesized according to
literature precedent and shown in Scheme 2.*' The ligand was
characterized by '"H NMR spectroscopy, showing bipyridine
protons at 7.1—8.6 ppm and methyl and hexyl protons between
0.8 and 2.8 ppm (see Experimental). Re(4-hexyl-4'-methyl-
bpy)(CO);Cl was synthesized according to literature proce-
dures.”” The homogeneous molecular Re complex was
characterized by 'H and "*C NMR spectroscopy (Figures S3
and S4) and IR spectroscopy (Figure SS). The FTIR spectra
corresponded well with other similar Re tricarbonyl compounds,
with a symmetric carbonyl stretching band at 2020 cm™" and
asymmetric stretching bands at 1915 cm™ and 1896 cm™.*

The CV of the homogeneous compound in acetonitrile
(MeCN) with 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF,) under argon shows two reduction waves (Figure 1A),
which are the characteristic features of the Re bipyridyl complex
family. The first reduction peak at —1.88 V vs Fc*/? is reversible
and represents a ligand-based reduction. The second reduction
at —2.2 V vs Fc™/? is quasi-reversible and rezpresents a metal-
based reduction and dissociation of Cl-**~** Additionally, a
third oxidation is observed at —0.55 V vs Fc™/’, which
corresponds to the oxidation of a Re—Re dimer formed under
reducing conditions. Under a CO, atmosphere, a significant
catalytic current enhancement is observed beyond the second
reduction potential with I.,/I, = 55 (Figure 1B). Moreover,
controlled potential electrolysis (CPE) at —2.3 V vs Ec*/® under
CO, produced CO with 100% Faradaic efficiency (FE),
confirming the complex’s selective catalytic activity toward the
CO, reduction reaction to CO (Figure S6).

After confirming homogeneous electrochemical CO, reduc-
tion at a glassy carbon electrode with Re(4-hexyl-4'-methyl-
bpy)(CO);Cl, CV was performed with methyl-terminated p-
Si(111) as the working electrode for a more appropriate
comparison with the functionalized Si system (Figure 1C). The
first and second reductions of the Re complex were at —1.32 V vs
Fc*/® and —1.75 V vs Fc*/% respectively, with the dimer
oxidation occurring at —0.46 V vs Fc*/’. Catalytic current
enhancement under CO, reduction was observed with I ,,/I, =7

9671

(Figure 1D). Although i,/i, is commonly used to quantify
catalytic enhancement on metallic/conductive electrodes, we
note that comparisons of i.,./i, here do not reflect a change in
intrinsic molecular catalytic activity but instead reflect differ-
ences in electron transfer efficiency between the two electrode
platforms. Whereas i,/i, on conductive glassy carbon is limited
by catalysis kinetics and diffusion, i./i, on p-type Si can be
influenced by photogenerated carrier flux, interfacial electron
transfer kinetics, and recombination of charges at the interface,
resulting in reduced catalytic enhancement. CPE at —1.7 V vs
Fc*/®under CO, produced 85% FE for CO without the presence
of H, (Figure S7), confirming the selective CO, reduction
catalytic activity of Re(4-hexyl-4’-methyl-bpy)(CO),Cl with p-
type Si(111) semiconductor electrode.

Surface Attachment and Characterization

To achieve covalent attachment of the catalyst to the Si surface,
we first used the hydrosilylation method with a vinyl-substituted
bipyridine ligand. (Supporting Information). However, a
significant challenge with this attachment strategy is the side
polymerization reaction, which leads to the formation of a
polymerized Re complex on the Si surface rather than a simple
covalent Si—C attachment. This polymer was unstable under
cathodic bias, desorbing from the surface, which may have
accounted for the current loss observed in subsequent cyclic
voltammetry runs. Pre- and post-CV SEM images (Figure S8)
confirmed the formation of the polymer and its instability.

To avoid the polymerization issue associated with the
hydrosilylation method, we employed Grignard and organo-
lithium reactions, as shown in Scheme 1, to ensure reliable,
stable covalent attachment of the catalyst. Lewis and Rose have
previously used Grignard chemistry and the Li—halogen
exchange reaction to modify the Si surface for photo-
electrochemical experiments.'”'*~*° Utilizing these well-estab-
lished methods, the Re(bpy)(CO);Cl complex with a six-carbon
alkyl chain was covalently linked onto a Si surface via a Si—C
bond (Scheme 1). The detailed procedure for attaching the Re
complex to Si used in this study is described in the experimental
section. After completion of the final Re metalation step, all
samples were sonicated to remove any physiosorbed or weakly
bound species before characterization. This step was found to be
critical for reproducible electrochemical and spectroscopic
results. Control experiments illustrating the importance of this
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Figure 3. (A) CV of Re bipyridyl complex covalently anchored onto Si(111) surface in 0.1 M TABPF4 of MeCN after 20 min of sparging the solution
with Ar. (B) First to third CV cycles of Re bipyridyl complex covalently anchored onto Si(111) surface in 0.1 M TABCI of MeCN after 20 min of
sparging the solution with Ar. (C) The 4th CV cycle to the first CV scan from B after 1 ~ 2 min. Under all conditions, the cathode was illuminated with

2660 nm laser LED at 15 mW/cm?. Scan rate was 100 mV/s. The potential was referenced to Fc

completed.

+/0 using an internal standard added after all scans were

postmetalation sonication step are discussed in the following
XPS and electrochemistry CV results.

ATR-FTIR Analysis of the Functionalized Surface

Re bipyridyl complex-functionalized Si was analyzed using
attenuated total reflectance (ATR)-FTIR spectroscopy. To
avoid confusion, we clarify that porous Si substrates were used
exclusively for ATR-FTIR measurements to enhance the IR
signal from surface-attached Re complexes. In contrast, all other
experiments were conducted on planar Si(111) surfaces. ATR-
FTIR measurements were performed at each step of the
attachment described in Scheme 1 (Figure S10) to verify the
completion of each reaction. The spectrum of the final sample
displays the bipyridine (1470 cm™" and 1620 cm™), Si-methyl
(770 cm™"), and the Re complex’s carbonyl peaks, indicating the
successful surface modification of the Si surface (Figure S10).
The IR spectrum of the Re species functionalized porous Si
exhibits both symmetric and asymmetric stretching carbonyl
peaks at 2024 cm™" and 1905 cm ™!, which closely match those of
the molecular Re bipyridyl complex (Figure 2B). However,
compared to the molecular species, the surface-bound Re
complex’s IR signal shows the broadening of the carbonyl
stretching frequencies, likely resulting from variations in local
environments, molecular orientation, and surface interactions of
the complex caused by inhomogeneous molecular packing due
to the porosity of the Si surface.” The asymmetric band at 1905
! was better fit by a Gaussian model than by a Lorentzian
model, confirming inhomogeneous broadening (Figure S11).

cm™
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X-ray Photoelectron Spectroscopy (XPS)

The Re functionalized Si(111) surfaces were characterized by
XPS. The Re 4f spectrum exhibited sharp peaks at 44.2 eV (Re
4f;,,) and 41.8 eV (Re 4f,,,) (Figure 2A), which closely match
the XPS spectra of molecular Re bipyridyl derivatives,” as well as
the Re complex attached to Si, as reported by Jia®**” and
Huffman.”® Additionally, the N 1s peak at 400.3 eV and the Cl
2p doublet around 199.3 eV further confirms the presence of the
Re bipyridyl complex on the Si surface (Figure S13). The atomic
concentration ratio of Re to N was 1:2, which aligns with the
expected Re/N ratio for the Re bipyridyl complex. However, we
were unable to quantify the Cl atomic concentration and
calculate the Re/Cl ratio due to interference from the Si 1s
plasmon peak, which obscures the Cl 2p peaks. This issue of the
Cl 2p peaks being masked by the Si 1s plasmon peak has also
been reported by Huffman et al.”® As a whole, high-resolution
XPS of the Re, N, and Cl regions confirms the presence of the Re
bipyridyl complex on the surface of Si.

XPS was also used to demonstrate the importance of
postmetalation sonication on surface cleanliness. When the
sonication step was omitted, two different Re species were
observed on the surface (Figure S14). While we are unable to
identify the origin of the more oxidized Re species on the surface
(doublet with 4f, , peak at 46.5 eV), it may arise from oxidation
from XPS measurement, physisorbed species, or residual
unreacted Re pentacarbonyl chloride reagents. However, the
XPS measurement of Re(CO);Cl reagents pressed onto carbon
tape (Figure S15) exhibits peaks at 42.2 eV (Re 4f,,) and 44.6

https://doi.org/10.1021/acs.inorgchem.6c01231
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eV (Re 4f;),), indicating that the more oxidized Re signals
observed on nonsonicated samples are unlikely to be from
unreacted Re(CO);ClL

The surface coverage of the Re complex was estimated using
the previously reported method.'” The area of the RSF
corrected Re peak was normalized with the area of the Si 2p
peak to obtain ., which was divided by the reported value of
Oy corresponding to the RSF corrected C—Si C 1s peak of a
complete monolayer of methyl functionalized Si(111) surface,
normalized with the Si 2p peak.”” The estimated coverage was
6.0 + 0.8%, suggesting that only a small fraction of the surface
sites was functionalized with the Re bipyridyl complex.

Importantly, XPS analysis confirmed the covalent attachment
of the Re bipyridyl species to the Si surface, rather than physical
adsorption. The Si—C bond observed at 283.9 eV in the C 1s
peak and at 100.7 eV in the Si 2p peak indicates that the Si
surface is covalently linked either with the Re bipyridyl complex
or the methyl group, rather than the complex being physically
absorbed onto the surface (Figure S16). Aliphatic sp® (285.0
eV) and sp® (286.0 eV) carbon shifts® further support the
presence of bipyridine, an alkyl chain, and a methyl group. Other
carbon shifts at higher binding energies correspond to
adventitious carbon on the surface. No significant Si oxide
peak around 102 ~ 103 eV was observed.””*

Electrochemical Characterization of the Re Bipyridine
Complex Functionalized Si(111)

All electrochemical measurements were performed with 0.1 M
TBAPF, in MeCN, sparging with Ar for at least 20 min (for
noncatalytic conditions), followed by sparging with CO, (for
catalytic conditions). Under an inert atmosphere, CV of the Re
functionalized Si(111) shows photocurrent under illumination
with the characteristic two reduction features of the Re at —1.18
Vs Fc*/%and —1.51 V vs Fc*/° (Figure 3A). After the first scan,
however, the second reduction feature disappears in subsequent
scans, consistent with an EC process in which the second
reduction (E) is followed by an irreversible chemical step
corresponding to dissociation of the labile Cl ligand (C).

In the CV of the homogeneous catalyst, disappearance of the
second reduction is not observed due to the replenishment of
unreacted species diffusing from the bulk solution, where the
concentration is higher, to the electrode. For immobilized Re
species, once the Cl ligand is dissociated, it is displaced by
MeCN to form solvento species Re(R-bpy)-
(CO)5(MeCN)*.*>*" The two reductions of Re(R-bpy)-
(CO);(MeCN)* have a smaller peak-to-peak separation, with
the second reduction occurring at milder potential compared to
Cl-bound species.”’ Given this, what appears to be the one single
reduction feature after the first scan for Re immobilized Si is
likely the result of coalescence of the first and the second
reduction features due to their proximity and the broadening of
the reduction peaks.

To test the hypothesis of solvento species formation, CV was
performed in 0.1 M TBACI in MeCN under the same
experimental conditions (Figure 3B,C). In subsequent CV
scans, the second reduction peak disappeared after the first cycle.
However, after giving more than ~1—2 min of relaxation time at
open circuit potential, the second reduction peak reappeared,
consistent with reversible CI™ recoordination to the immobi-
lized Re center and restoration of the original Cl-bound Re
complex. This delayed reappearance of the second reduction
peak after multiple CV cycles and an extended relaxation period
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indicates a slow kinetic ligand-exchange process for the
immobilized species.

For samples without a sonication step, the CV in 0.1 M
TBAPF, in MeCN showed behavior similar to that observed for
the sonicated samples, with two reduction peaks in the first
cycle, followed by the disappearance of the second peak in
subsequent cycles (Figure S17). However, we observed a
progressive decrease in current density across several consec-
utive CV scans until the signal stabilized. Because the stabilized
CV response remained clearly distinct from that of bare Si—H
(see Figure S8C), we infer that any loosely bound or
physiosorbed species were removed during the initial CV cycles,
leaving only the stable covalently bound species on the surface.

Photovoltage Calculation

Photovolta;e was determined following previous literature
5,28 . . .

precedent, by comparing the reduction potentials of
functionalized Re complex on p-Si(111) wafer under illumina-
tion to those of Re complex functionalized on degenerately

doped n-type Si(111) in the dark (Figure 4). The estimated
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o ]
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Figure 4. CV of Re bipyridyl complex covalently anchored onto
Si(111) surface in 0.1 M TABPF4 of MeCN after 20 min of sparging the
solution with Ar. The cathode was illuminated with 660 nm laser LED
with 15 mW/cm? power. Scan rate was 100 mV/s. Potential was
referenced to Fc*/°.

photovoltages were 320 mV and 400 mV for the first and second
reductions, respectively, which fall within the reported photo-
voltage range of 200—600 mV for p-type Si.”” This difference in
estimated photovoltage between the first and second reductions
could be explained by the irreversible nature of the second
reduction, as reported by Kumar et al.’

Interestingly, when comparing the reduction potentials of the
Refunctionalized Si electrode to those of the homogeneous Re
complex on a methyl-terminated Si surface, the functionalized
electrode exhibits an approximately 200 mV positive shift for
both reduction events. These shifts in peak potentials may arise
from multiple factors.

First, the mixed monolayer formed by the tethered Re
complexes may generate additional interfacial dipoles at the
Si(111) surface/electrolyte interface, thereby increasing band
bending in p-type Si. Such dipole-induced tuning of band
energetics by organic monolayers on the Si surface has been well
established by Rose and co-workers.'*” Consistent with this
concept, Huffman and co-workers, in their study of Re complex
immobilization on Si(111) via sonochemical hydrosilylation,
reported a 239 mV shift in flat-band potential between a mixed
monolayer containing a surface-bound Re—phen complex
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Figure 5. Comparison of geometries of Re(4-hexyl-bpy)(CO);Cl catalyst on a methylated Si(111) surface models as a 4 wide —12 long —8 deep
silicon slab that has been capped with hydrogens on the sides for charge neutralization. These geometries were determined through geometry
optimization under a field relative to the Z axis using Gaussian 16. The Z axis was oriented along the connecting Si—C bond between the surface and the
Re catalyst. Tight optimization bounds with an ultrafine grid were used. The theory used density functional theory with a B3LYP functional and a
pseudopotential basis set using 6—31g for H and C, 6—31g (d) for N,0, and Cl, and lanl2dz for Si and Re.

together with hexyl groups and a purely hexyl-terminated
Si(111) surface.”® This magnitude is comparable to the ~200
mV positive shift observed in the Refunctionalized Si electrode
relative to the homogeneous system.

Another possible explanation is that the covalent immobiliza-
tion shortens the electron-transfer distance between the Si
surface and the Re complex, thereby enhancing electronic
coupling between the two. From the Marcus Theory
perspective, this lowers the kinetic barrier for the charge transfer
and the reduction of the Re complex, causing the reduction of
the surface-attached Re complex to occur at a less negative
applied potential. Moreover, under illumination, improved
charge-transfer kinetics may suppress interfacial charge
recombination (radiative or nonradiative) and enhance quasi-
Fermi level splitting, thereby increasing the observed photo-
voltage. Similar increases in photovoltage associated with faster
interfacial charge transfer in immobilized molecular systems
have been reported previously.** >

Rigorous evaluation of these hypotheses would require
electrochemical impedance spectroscopy (EIS) and Mott—
Schottky analysis to directly compare the flat-band potentials of
the two systems, as well as other spectroscopic techniques, such
as photoluminescence or transient absorption, to probe
recombination dynamics as a function of tether length. In the
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present study, we limit our discussion to reporting the observed
differences in peak potentials between the functionalized and
homogeneous systems, while leaving detailed mechanistic
investigations for our future work.

Surface Coverage Calculations

Surface coverage of the electroactive species was calculated
using eq 1

Q = nFN (1)
where Q is the total charge passed, which can be calculated by
integration of the peak area in a cyclic voltammogram, n is the
number of electrons used for reduction, F is the Faraday
constant, and N represents the moles of electroactive species.
Considering the reduction feature after the first scan is likely due
to the coalescence of the two reduction features, the number of
electrons used was 2. The moles of electroactive species,
estimated with eq 1, were then divided by the density of atop site
Si atoms of Si(111), 1.31 X 10™° mol/cm? to yield
approximately 7.4% of surface coverage of the electroactive Re
complex.

It is important to note that while the XPS and the electroactive
species calculations are in good agreement with each other, they
may both underestimate the total Re surface coverage, while
remaining important for understanding the overall system. XPS
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Figure 6. (A) CV of Re bipyridyl complex covalently anchored onto Si(111) surface in 0.1 M TABPF, of MeCN under CO, (red). The CV under CO,
was compared to the 4th CV scan under Ar (black). Scan rate was 100 mV/s. (B) Controlled potential electrolysis (CPE) under CO,. The cathode was
illuminated with a 660 nm laser LED with 15 mW/cm? power. Total 4 subsequent CV runs were measured. (C). The Re 4f XPS signal of a pristine
Refunctionalized Si wafer (black) and post CPE (red) showing roughly 36% of the signal is retained, indicating Re detachment from the surface under

prolonged catalytic conditions.

surface analysis can vary depending on the measurement
location and X-ray penetration depth. Overall, smaller differ-
ences in these can slightly alter the outcome of the experiment
while still providing a good estimate of surface coverage. On the
other hand, determination of the number of electroactive species
via CV gives a definitive surface coverage of the catalyst involved
in the electrochemical process. While this is useful for practical
electrochemical understanding, such as determining a turnover
rate, this method can also underestimate the amount of Re on
the surface due to a range of factors, including a blocking effect
that inhibits charge stabilization and, therefore, heterogeneous
charge transfer, as well as resistance and capacitive charging
currents.

To get a full picture of the surface, ICP—MS was performed to
obtain a more accurate Re concentration on a 1 cm? Si(111)
surface (Figure S20). The results showed an average
concentration of 1.6 ppb of Re in a 50 mL HNO; solution
obtained after dissolution of the surface-bound Re species,
corresponding to 4.24 X 107'" mol of Re. This value was divided
by the surface atomic density of Si on Si(111) atop sites, 7.84 X
10" atoms/cm* (equivalent to 1.31 X 107 mol/cm?), yielding
an estimated surface coverage of 32.4%. Of note, this number
includes coverage of Re species on both the front-polished side
and back-unpolished side. Dividing the number by 2 and
assuming equal functionalization on both sides would yield
roughly 16% surface coverage on each side. However, since the
rough, unpolished side has a higher effective surface area than
the polished side, the front side is likely to have fewer Re species
attached. In this case, the surface coverage on the front side
would be lower than 16%, bringing it closer to the values
estimated from XPS and electroactive species calculations.

The low surface coverage can be attributed to the relatively
large molecular footprint of the hexane alkyl linker and the Re
bipyridyl complex compared to the distance between atop-site Si
atoms on the Si(111) surface. The reported kinetic diameter of
hexane ranges from 4.3 At010.3 A,*° and the diameter of the Re
bipyridyl complex is roughly 9 A, both of which exceed the 3.8 A
distance between Si atop site atoms. Consequently, 1:1 covalent
attachment of the Re complex to the individual Si atop site atom
is sterically hindered, unlike small methyl groups that achieve full
monolayer coverage.'” This steric effect on the surface coverage
of the surface-bound molecule on the Si surface has been
explored by Rose and co-workers.””
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Computational Analysis of the Immobilized Re Species

Given the low surface coverage of 6—7%, and assuming a
uniform distribution rather than island-like clustering, the
immobilized Re complexes are expected to be well separated.
The large spacing should allow free rotation of the alkyl linker,
leading to a disordered monolayer. To explore the range of
plausible configurations Re complex can take with and without
applied bias, DFT geometry optimizations for the Re complex
on a methylated Si surface were performed at varying strengths
of applied fields (Figure S). The applied field strengths were
converted to interfacial potentials relative to the potential of zero
charge (PZC) (Table S2), described in detail in the Supporting
Information.

This optimization showed a preference for the complex to lie
against the surface both when no field is applied and when a
negative field (positive potentials relative to the PZC) is applied.
The complex only moves away from the surface when positive
fields (negative potentials relative to the PZC) are applied along
the axis perpendicular to the surface.

It is important to note that, in these computational
calculations, the Re complex was modeled as an isolated species
due to the low surface functionalization and the high
experimental cost and error associated with adding additional
species. However, we expect that greater functionalization could
introduce intermolecular interactions and steric constraints,
thereby altering the accessible conformations. For example, we
initially considered whether the slow EC kinetics after the
second reduction could arise from unfavorable orientations in
which the Cl axial ligand faces the surface, potentially restricting
ligand exchange. However, the DFT optimizations do not
support such a surface-blocked configuration under cathodic
bias. Instead, they indicate that the Re—Cl bond is parallel to the
surface at field strengths needed for catalysis. While this is more
accessible than the Cl down configuration, the Cl parallel
configuration still allows for possible interactions with other Re
units on the surface and is less accessible than the CI up
orientation. These Re—Re unit interactions, particularly under
catalytic conditions, may be responsible for slower catalytic
turnover and slower surface kinetic ligand exchange. Therefore,
although the present single-site model does not capture such
effects, they may become relevant under conditions of increased
functionalization and will be investigated further using
computational models of multiple Re centers in our future
work. However, this level of DFT analysis provides invaluable
insight into the interactions of the Re complex at the Si surface.
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The rotation and movement of the complex indicate its ability to
adopt conformations that may slow reactivity at the surface,
particularly when bulky tetrabutylammonium cations, solvent,
and CO, are taken into account, providing a reasonable
explanation for the slow kinetics of the CI™ ligand reactivity.

Catalytic Performance and Stability of the Immobilized Re
Species on Si(111)

In a CO, environment, the current enhancement was observed
relative to the final CV scan under inert conditions, indicating
catalytic activity (Figure 6A). The following electrolysis at —1.9
V vs Fc+/0 for 1 h produced 15% Faradaic efficiency (FE) for
CO and 54% H, (Figure 6B).

The catalytic current enhancement is significantly lower
compared to the homogeneous catalysis of Re(4-hexyl-bpy)-
(CO);CL For the functionalized hybrid Si, neither stirring nor
reduced illumination significantly affected the catalytic current
enhancement, suggesting that the current response is not limited
by bulk CO, mass transport or light intensity (Figure S18).
Therefore, the observed behavior can be attributed to a
catalytically limited process, likely governed by the surface
concentration and intrinsic activity of the surface-bound Re
complex compared to the homogeneous system. First, and most
simply, the low catalytic activity of the surface-immobilized Re
complex can be attributed to its concentration (6 ~ 7%). In
addition, slow EC kinetics following the second reduction, as
indicated by electrolyte-dependent CVs with TBAC], likely limit
the observed current enhancements.

However, the low surface coverage and slow kinetics alone
cannot explain the change in overall FE relative to the
homogeneous counterpart. We therefore first considered
whether surface immobilization perturbs the electronic
configuration of the reduced Re(bpy)(CO), species and affects
the product selectivity. In the homogeneous Re bipyridyl
complex, prior DFT studies suggest CO selectivity is attributed
to the mixed metal-ligand character of the doubly reduced
[Re(R-bpy)(CO)3]~, with electron density in z* orbital and
another in d,? orbital of Re, favoring the binding of CO, rather
than proton.”” In the case of surface-immobilized species, if the
bpy ligand were positioned close to and lying flat on the Si
surface, interactions with the methylated surface could
destabilize the bpy #* orbital and promote hybridization with
the Re dz? orbital, favoring a more metal-centered, reduced state
and, consequently, hydride formation and H, evolution. This
hypothesis, however, is not supported by our DFT geometry
optimizations, which show that Re complex moves further away
from the surface at negative potentials, suggesting that the
electronic-configuration perturbation is unlikely to be the reason
for the FE change.

Another possibility is that the methylated Si surface
contributes to H, production. Although Rose and Dempsey
reported slower HER kinetics on the methylated Si surface
compared to CO, reduction,"®*” residual water in MeCN is
likely the major source of H, generation under CO,. CO
formation is most likely due to the Re bpy catalyst, as the
methylated surface alone is not expected to reduce CO, to CO in
the absence of a molecular CO, reduction catalyst.

Regarding the stability of the covalently attached Re complex,
XPS of the functionalized Si was measured before and after
electrochemical analysis. After electrolysis, the atomic ratio of
Re 4f to Si 2P is ~36% the initial concentration (Figure 6C). The
decrease in Re peak area may result from cathodic-bias-induced
desorption of the immobilized complex and/or catalyst
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deactivation during electrolysis. Given the observed loss of Re
complex, the gradual increase in current during electrolysis can
therefore reflect the progressive loss/deactivation of Re sites and
increased exposure or activation of HER sites, which would
increase H, production without increasing CO formation.

B CONCLUSION

Overall, the organolithium reaction and the Grignard approach
for covalently attaching the Re bipyridyl complex to a Si surface
yield clean anchoring of the complex. Not only is the attachment
facile and prevents side reactions, but the applied voltage
required for CO, reduction is 200 mV more positive than in the
homogeneous system. This large improvement provides
evidence supporting the effectiveness and potential of surface-
attached catalysts on semiconducting surfaces. However, in this
case, the catalytic activity of this hybrid molecular/Si photo-
cathode was rather poor. Experimentally, we have identified that
the observed poor activity and selectivity are due to slow EC
kinetics of the surface-bound Re complex and catalyst
deactivation and/or detachment. Importantly, our experiments
indicate that the relatively low loading, low photon flux, and CO,
diffusion to the Si surface are not responsible for the limited
current enhancement.

Overall, while covalent attachment via a Si—C bond enables
immobilization of the Re complex on the Si surface, our results
indicate that this surface attachment alone does not reproduce,
nor enhance, the activity or selectivity observed for the
homogeneous molecular catalyst. Accordingly, future studies
should focus on strategies that control molecular orientation and
the local surface environment, including more rigid tethering
motifs that enforce an active-site geometry accessible to the
substrate.

B EXPERIMENTAL SECTION

General Considerations

All chemical reagents were purchased from commercial sources and
were used without further purification unless otherwise noted.
Chlorobenzene, THF, toluene, and MeCN were sparged with nitrogen
gas to remove oxygen, dried with molecular sieves before use, and
stored under nitrogen. Tetrabutylammonium hexafluorophosphate
([Bu,N][PF¢], Aldrich, 98%) was recrystallized three times with
ethanol and dried under vacuum for 16 h before use. XPS was
performed on an SSF-Kratos AXIS-SUPRA.

Synthesis of 4-Hexyl-4’'methyl-2,2’ Bipyridine. 600 mg 4,4-
Dimethyl-2,2-dipyridyl was dissolved in THF in a Schlenk Flask. At
—78 °C, 1.1 equiv of Lithium di-isopropylamide (LDA) was added
dropwise over 1 h. After stirring for 3 h, 10 equiv of deoxygenated 1-
bromopentane was added via cannula transfer, and the reaction mixture
was allowed to cool to room temperature overnight. Next, the reaction
was quenched by adding 10 mL of water, and the solution was washed
with 10 mL of DCM three times using a separatory funnel. The
collected organic layer was dried using MgSO,. After solvent
evaporation, the resulting oil was dissolved in Celite $45 (Thermo
Scientific Chemicals), which was then purified by column chromatog-
raphy on a triethylamine-washed silica column (1:0 to 7:3 hexane/ethyl
acetate). Flash column chromatography was performed on a Tele-
dyneisco CombiFlash Rf200. Yield: 264 mg (30.2%)

"H NMR (300 MHz, CDCl,): § 8.56 (dd, J = 5.2, 3.4 Hz, 2H), 8.24
(t, J = 1.9 Hz, 2H), 7.5 (dd, J = 5.0, 1.7 Hz, 2H), 2.76—2.65 (m, 2H),
2.45 (s, 3H), 1.80—1.62 (m, 1H), 1.45—1.24 (m, 6H, bpy-
CH,CH,CH,CH,CH,CHj,), 0.90 (t, 3H)

Synthesis of 4-Bromohexyl-4'methyl-2,2’ Bipyridine. 600 mg
4,4-Dimethyl-2,2-dipyridyl was dissolved in THF in a Schlenk flask. At
—78 °C, 1.1 equiv of Lithium diisopropylamide (LDA) was added
dropwise over 1 h. After stirring for 3 h, 10 equiv of deoxygenated 1,5-
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dibromopentane was added via cannula transfer, and the reaction
mixture was allowed to cool to room temperature overnight. Next, the
reaction was quenched by adding 10 mL of water, and the solution was
washed with 10 mL of DCM three times using a separatory funnel. The
collected organic layer was dried using MgSO,. After solvent
evaporation, the resulting oil was dissolved in Celite 545 (Thermo
Scientific Chemicals), which was then purified by column chromatog-
raphy on a triethylamine-washed silica column (1:0 to 7:3 hexanes/
ethyl acetate). Flash column chromatography was performed on a
Teledyneisco CombiFlash Rf200. Yield: 258 mg (23.7%)

"H NMR (300 MHz, CDCl,): § 8.57 (t, ] = 5.4 Hz, 2H), 8.25 (t,] =
2,2Hz,2H), 7.19-7.11 (m, 2H), 3.42 (t,J= 6.8 Hz,2H), 2.72 (t, ] = 7.8
Hz,2H),2.46 (s, 3H), 1.87 (p, ] = 6.9 Hz, 2H), 1.73 (p, ] = 7.6 Hz, 2H),
1.46 (dp, J = 23.5, 7.5 Hz, 4H)

Synthesis of Re(4-Hexyl-4'methyl-2,2’ bipyridine)(CO);Cl.
Re(CO);Cl was dissolved in SO mL of hot toluene in a round-bottom
flask. An equimolar amount of 4-hexyl-4'metg-di-tert-butyl-2,2'-
bipyridine was added to the hot solution, and the reaction mixture
was stirred with reflux for 3 h. Once the orange color was confirmed, the
solution was removed from the heat and cooled in a freezer overnight. If
crystallization did not occur, the surface of the round-bottom was
scratched with a glass rod to induce crystallization. The crystals that
formed overnight were filtered under vacuum and dried in a vacuum
oven at 90 °C.

'H NMR (300 MHz, CDCl,): 6 8.90 (dd, J = 5.7, 3.9 Hz, 2H), 7.99
(d,J =9.7 Hz, 2H), 7.35 (d, ] = 5.7 Hz, 2H), 2.81 (t, ] = 7.8 Hz, 1H),
2.59 (s, 1H), 1.73 (p, ] = 7.4 Hz, 2H), 1.47—1.31 (m, 6H), 1.73 (p, ] =
7.6 Hz, 2H), 0.93 (t, 3H)

13C NMR (125 MHz, CDCL): § 197.48, 190.02, 156.08, 155.57,
155.54, 152.71, 152.60, 151.43, 128.00, 127.26, 123.97, 123.21, 35.80,
31.62, 30.24, 29.01, 22.61, 21.79, 14,17, 1.13.

Surface Functionalization. Single-sided polished boron-doped p-
type (111) Si wafers were purchased from Si Valley Microelectronics
(SVM), Inc. The p-type Si wafer had a resistivity range of S—10 Q-cm
with a thickness of 500 gm. The degenerate n-tpye Si had resistivity
range of 0.000 to 0.005 £2-cm with a thickness of 475 ~ 550 ym. Before
surface modification, Si(111) samples were cleaned by sonication for 10
min each in acetone, methanol, and DI water. After rinsing with DI
water and drying, all samples were washed in freshly prepared piranha
solution (3:1 v/v H,SO,/H,0,) for 20 min and then rinsed with 18
MQ water. The oxide layer was removed by immersing the samples in
HF for ~1 min, followed by immersion in deoxygenated 40% NH,F
solution for 20 min. The resulting hydrogen-terminated p-type Si
samples were copiously rinsed with deoxygenated 18 MQ water and
stored in a glovebox for further surface modification.

Chlorination was performed according to the known established
procedures.'>'®*° Next, 80 mg of 4-bromohexyl-4'methyl-2,2’
bipyridine ligand was dissolved in dry THF in a Schlenk flask and
reacted with 1.1 equiv of n-BuLi at —78 °C (acetone/dry ice bath).
After stirring for 20 min, the solution was transferred to the flask
containing freshly prepared Si—Cl samples immersed in dry THF (at
—78 °C) using a cannula transfer technique. The solution containing
the Si samples was cooled to room temperature for over 7 h. After
rinsing with THF, the samples were placed in a 1.5 M solution of
CH;MgCl at 65 °C for 2~4 h to fill in any unreacted Si—Cl sites with a
methyl group. The final metalation step was performed by placing the
ligand-attached Si samples in Re(CO)SCl (~10 mg) dissolved in
toluene, and refluxing at 110 °C for over 1 h. The samples were
thoroughly cleaned with dried toluene, followed by sonicating in
acetonitrile for at least 30 min.

Electrochemistry. An Ohmic contact was made by scratching the
back of the Reattached Si wafer and applying gallium—indium (Ga—In)
eutectic (Sigma-Aldrich). Next, the sample was immediately transferred
to a custom-made Teflon PEC cell. The O-ring diameter was 0.4 cm,
exposing approximately 0.126 cm® of the Si wafer surface. All
electrochemical measurements were performed using a BASi EC
Epsilon potentiostat with a three-electrode configuration containing an
Ag/AgNO; reference, a graphite counter electrode (separate by a fritted
tube), and a working electrode. The electrolyte in all experiments was
0.1 M tetrabutyl ammonium hexafluorophosphate (TBAPF) in dry
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acetonitrile unless noted otherwise. After fully assembling the PEC cell,
the solution was sparged with Ar and CO, for at least 20 min before
electrochemical characterization. Ferrocene was added at the end of CV
experiments, and its redox potential was measured with a glassy carbon
electrode. A 661 nm laser diode was used as an illumination source, and
an OPHIR PD300-3W-V1 photodetector and OPHIR NOVA II power
monitor/meter measured the intensity of the light (~15 mW/cm?).
Controlled potential electrolysis (CPE) was performed under the same
condition used for the CV experiments, with stirring added. Gaseous
products were identified and quantified using an Agilent Technologies
7890A gas chromatograph.

ATR-FTIR. Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectra of porous Si with the Re complex immobilized
were measured using a Nicolet iS50 FTIR Spectrometer equipped with
a built-in wide-range diamond ATR crystal. The porous Si wafer was
mounted on the ATR crystal with the functionalized surface facing the
crystal. The wafer was gently pressed into contact with the crystal. The
resolution was 4 cm™’, and the scan number was over 256.

ICP—MS. ICP—MS was conducted on a Thermo iCAP RQ. All
falcon tubes and glassware used in ICP—MS measurements were
cleaned by soaking in § ~ 8% HCl acid bath for at least 24 h and rinsed
with 18 MQ water before use. The Re standard concentrations of 0.1,
0.5,0.8, 1, and S ppb with 5% HNOj solution were prepared from a Re
standard purchased from Alfa Aesar (1000 ug/mL in 5% HNO;). The
Re complex-attached Si(111) samples were immersed in 70% HNO3
overnight and diluted to 5% HNOj; before measurements.
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