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ABSTRACT: We explore strategies for enhancing the electronic interaction between
silicon nanocrystals (Si NCs) and surface-tethered molecular Re electrocatalysts ([Re])
as models for CO2-reducing photocathodes. Using density functional theory (DFT)
combined with electrochemical, spectroscopic, and photocatalytic measurements, we
determine that the intrinsic Si (iSi) NC conduction band energy in iSi−[Re] assemblies is
below the [Re] lowest unoccupied molecular orbital (LUMO) and singly occupied
molecular orbital energies even for strongly quantum-confined 3.0−3.9 nm diameter
hydrogen- and methyl-terminated iSi NCs, respectively. We computationally analyze
design strategies to align the semiconductor conduction band edge and electrocatalyst
frontier molecular orbitals by varying the iSi NC size, introducing boron as a dopant in
the Si NC, and modifying the attachment chemistry to the [Re] complex aryl ligand
framework. Our DFT analysis identifies a target hybrid structure featuring B-doped
silicon (B:Si) NCs and a direct bond between a surface atom and an sp2-hybridized
carbon of the electrocatalyst bipyridine aryl ring ligand (B:Si−CAr[Re]). We synthesize
the B:Si−CAr[Re] NC assembly and find evidence of direct hybridization between the B:Si NC and the surface [Re] electrocatalyst
LUMO using electrochemical measurements and transient absorption spectroscopy. This work provides a blueprint for the design of
new Si photocathode-molecular electrocatalyst hybrids for CO2 reduction and related fuel-forming photocatalytic conversions.
KEYWORDS: solar fuels, hybrid photoelectrode, silicon, nanocrystal, carbon dioxide reduction, electrocatalyst

■ INTRODUCTION
The storage of solar radiation in molecular bonds by
photoreductive transformations is a long-sought-after goal in
sustainable energy research.1−3 Combining efficient photon
collection and conversion into chemical potential that is used
in complex multistep reactions is vital for any photocatalytic
system. Bulk silicon has long been the flagship choice for
photovoltaic systems,4 and use of Si as a photocatalytic system
has long been studied for photon to molecule energy
conversion systems.5−7 However, the native surface chemistry
of Si is ill-suited for catalytic turnover for either the carbon
dioxide reduction reaction (CO2RR) or hydrogen evolution
reaction (HER) and results in noncatalytic reactions at the Si
surface.5,8−13 To avoid this challenge and take advantage of Si’s
attractive light-harvesting properties and technological matur-
ity, it has been suggested that tethering molecular electro-
catalysts to Si photoelectrode surfaces may yield cheap,
abundant, and efficient photoconversion systems.14−16

Recent work from several groups have explored semi-
conductor−molecular catalyst hybrids to independently tune
light harvesting and catalysis in artificial photosynthesis
schemes. While it has been noted that the absolute band
positions of semiconductors are overemphasized in the design
of photoelectrochemical systems, it is also clear that energetics

play an important role in any system relying on a molecular
(photo)catalyst with discrete molecular orbital energies.17 For
example, Reisner and co-workers have shown the benefits of
tethering a phosphonated Co(II) bis(terpyridine) molecular
CO2RR catalyst to classical z-scheme doped metal oxide
photocatalysts18 as well as biohybrid platforms such as
cyanamide-functionalized carbon nitride-indium tin oxide-
formate dehydrogenase.19 Other recent examples include the
significant contributions of the CHASE Fuels from Sunlight
Energy Innovation Hub that has provided new insights on
electron transfer and other processes for a range of molecular
CO2RR catalyst-semiconductor systems including Si photo-
cathodes.20−26

Our lab recently introduced intrinsic silicon nanocrystal−
molecular Re complex hybrid assemblies (Si−[Re] NCs) as
model systems for understanding the energetic alignment of Si
with prototypical CO2RR molecular electrocatalysts.27 This
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work concluded that the conduction band edge energy of 3.9
nm diameter Si NCs is likely misaligned with the lowest
unoccupied molecular orbital (LUMO) of the tethered [Re]
complexes and prevents productive energy cascade of light-
driven Si conduction band electrons to [Re] LUMO orbitals
that is essential for driving unassisted photocatalytic CO2RR.
Consequently, we found photocatalytic CO2RR is dominated
by direct light absorption from the surface-bound [Re]
complexes. The results of our prior work begged the question:
What are potential design strategies to achieve optimal
energetic alignment in a hybrid silicon−CO2RR electrocatalyst
artificial photosynthetic system?
In this article, we aim to answer this question by exploring

several new strategies to realign the Si semiconductor
conduction band edge energy with [Re] orbitals, including
increasing quantum confinement in the intrinsic silicon (iSi)
NCs, introducing boron as a dopant, and modifying the
attachment chemistry to the [Re] complex aryl ligand
framework. We study the effects of these strategies via density
functional theory (DFT), cyclic voltammetry (CV), transient
absorption spectroscopy (TAS), and photocatalytic CO2RR
product analysis. First, we find that decreasing the Si NC size
to increase the conduction band energy minimum (ECB) is a
viable strategy but only for ultrasmall alkyl-terminated Si NCs
with diameters < ∼2.0 nm and band gaps ≥ 2.0 eV. Second, we
probe B-doped Si (B:Si) NCs and show that B-derived
intragap states can electronically couple with the [Re] LUMO
to generate hybridized B:Si−[Re] NC states. Third, we test the
effect of the binding motif of the linker molecule tethering the
molecular electrocatalyst to the B:Si NC surface and
demonstrate that direct attachment of sp2-hydridized C
atoms on the [Re] catalyst ligand framework to B:Si NC
surface atoms affords a third viable strategy to generate a
productive photocatalytic system.

■ RESULTS AND DISCUSSION

Increasing Si ECB via Quantum Confinement

We leverage plasma-enhanced chemical vapor deposition
(PECVD) to grow 3.0, 3.3, 3.5, and 3.9 nm diameter iSi
NCs28,29 and use our previously reported [Re] complex
attachment chemistry27 to assemble the Si−[Re] NC hybrid
systems. Briefly, Si NCs are first undersaturated with dodecyl
auxiliary ligands to provide stability and solubility. The product
is then heated in the presence of [Re(mcabpy)(CO)3Br]
([Re]CHO, mcabpy = 4-methyl-2,2′-bipyridyl-4′-carboxalde-
hyde) yielding the product assembly, which we term iSi−
OCH2[Re] to distinguish from B:Si NCs and where different
attachment chemistries are used (vide infra). The different
species are characterized by diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS, Figure S1). Qualitatively,
the DRIFTS spectra for the series show a distinct trend in the
ratio of C−H/Si−H peaks and Si−H/Re(CO)3 peaks. The
C−H/Si−H ratio increases for smaller NCs likely due to size-
dependent changes in surface morphology and the surface
*SiHx ratios (where *Si indicates a surface Si atom).28−31 The
Re(CO)3/Si−H ratio also increases with decreasing NC
diameter, and we observe a corresponding increase in back-
bonded (O)*Si−H stretches. Lastly, the residual surface
hydrides *SiHx centered ∼2100 cm−1 are red-shifted for larger
NC diameters, suggesting higher molecular coverage for larger
NCs, consistent with quantitative FTIR experiments (vide
infra). Expectedly, UV−vis (Figure S2) spectroscopy shows

that the Si absorption curve blue shifts with decreasing NC size
due to an increase in direct band gap character.32 The NC sizes
are determined by comparing the photoluminescence (PL)
maximum (Figure S2) to our previously reported sizing curve
for dodecyl-bound intrinsic Si NC.28

We next undertake a series of TAS measurements on 3.0 and
3.9 nm iSi−OCH2[Re], and the results are compared to those
obtained for dodecyl-terminated samples lacking any surface
[Re] (iSi−C12, Figures 1 and S3). All samples are prepared

under argon with 10 μM NC in a 1:4 mixture of toluene/
THF. The transient spectral features are dominated by the
broadly absorbing, long-lived (>5 ns) Si exciton for both iSi−
OCH2[Re] assemblies and iSi−C12. Interestingly, on the
picosecond timescale, the smaller 3.0 nm diameter samples
are described by a slower component (τ3) relative to their 3.9
nm counterparts, where τ3 is 30−40% faster for iSi−
OCH2[Re] compared to iSi−C12 for both NC sizes (Table
S1). These data are consistent with an increase in direct gap
character for smaller Si NCs32 as well as partial but very limited
quenching of the NC exciton by surface-bound [Re] consistent
with misaligned energy levels. For highly efficient photo-
induced electron transfer from the Si NC to the [Re], we
would expect the exciton quenching to be comprehensive and
the steady-state PL signal to drop to 0. Instead, these TAS data
suggest inefficient electron transfer from the NC to tethered
[Re]. This result shows that increasing the Si NC ECB to higher
energy may be a marginally successful strategy to enhance NC
to [Re] energy or electron transfer within the *Si−OCH2−
attachment scheme.
We next explore the photocatalytic performance of iSi−

OCH2[Re]. We first quantify the [Re] loading on each
assembly utilizing transmission Fourier transform infrared
spectroscopy (FTIR) of 50 μM solutions of the iSi−
OCH2[Re] in toluene (Figure S4). The characteristic fac-
Re(CO)3 motif, corresponding to the in-phase symmetric,
equatorial asymmetric, and out-of-phase symmetric stretches of
the CO ligand motif are compared to a calibration curve of
[Re] in THF. From this calibration curve, we determine values
of 1.6, 2.3, 2.5, and 2.4 [Re] per NC for 3.0, 3.3, 3.5, and 3.9

Figure 1. Normalized transient absorption dynamics at probe
wavelengths of 480 nm after 400 nm photoexcitation for iSi−C12
and iSi−OCH2[Re] with iSi diameters of 3.0 nm (blue) and 3.9 nm
(yellow). All samples are prepared under argon with 10 μM NC in a
1:4 mixture of toluene/THF. Fits shown in bold lines and full results
are shown in Figure S3 and Table S1.
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nm assemblies, respectively. Using these [Re] loadings, we
measure the CO2RR photocatalytic activity of each size
assembly in tetrahydrofuran (THF) under irradiation from a
405 nm LED array with 1,3-dimethyl-2-phenyl-2,3-dihydro-
1H-benzimidazole (BIH) as a sacrificial reductant and 2,2,2-
trifluoroethanol (TFE) as a proton source. In our previous
report, we observed that the photocatalysis TON approached
its maximum by ∼20 h for both iSi−[Re] and free [Re],27
which is why this time was chosen for this study. Gas products
are measured by gas chromatography (GC) and compared to a
standard calibration curve. In all cases, CO is the major
product, with CH4 and H2 also detected as minor products
(Figures 2 and S5). Notably, Si−C12 NCs possess no inherent

propensity toward catalytic CO2 reduction to CO;
27 thus, we

consider all CO measured as a product of [Re] catalytic
turnover with or without assistance from Si. We hypothesize
that the observed CH4 is due to formal hydride transfer from
BIH based on a previous report showing that benzimidazole
organic hydrides react with transition metal carbonyl
complexes to generate methanol,33where an additional 2-
electron, 2-proton reduction could generate methane. We
compare the CO products formed under irradiation of iSi−
OCH2[Re] to a control sample of dissolved [Re(bpy)-
(CO)3Br] ([Re], [Re(n)L], or [Re(n)X] where n designates
the Re formal oxidation state and L or X are L- or X-type
ligands, respectively) or a physical mixture of untethered 3.9
nm iSi−C12 and [Re(bpy)(CO)3Br] (Si + [Re]). For all
assemblies and the comixture iSi + [Re], there is a marked
enhancement in CO2RR products formed over 20 h of
irradiation (Figures 2 and S5) relative to [Re] only
measurements. However, the 3.0 nm assembly shows a distinct
drop in CO evolved compared to the larger NC assemblies.

This is likely due to the blue-shifted absorption profile of 3.0
nm iSi NC relative to the larger NCs (Figure S2); thus, for
even smaller NC assemblies, the TON should converge to that
of the [Re] control. These data confirm that NC-to-[Re]
energy or electron transfer does play a minor a role in product
formation. However, the process is highly inefficient, and most
Si NC photoexcitation events lead to nonproductive relaxation
pathways that serve to absorb light parasitically from
photocatalytic [Re]. We hypothesize that there is a significant
barrier to electron or energy transfer through the insulating
dodecyl matrix and the saturated methylene silyl ether tether,
suppressing photon-to-product formation. We conclude that a
hybrid structure based on iSi NCs terminated with C12 ligands
and [Re] via short-chain tethers may restrict the appropriate
symmetry for electronic coupling between the Si semi-
conductor and molecular species as was elegantly laid out by
Rose.34 A visualization of the restricted degrees of freedom
preventing orbital symmetry alignment within iSi−[Re] is
provided in Figure S6.
Reorientation of NC Exciton by Band Edge Tuning
To further understand the size-dependent changes in the iSi−
OCH2[Re] electronic structure, we undertake a series of DFT
studies. It has been reported in dark electrocatalytic systems
for HER that direct electronic coupling between an electrode
and bound molecular catalyst can enhance catalytic activ-
ity35−37 that has been ascribed to a concerted proton-coupled
electron transfer (PCET) process.38 Thus, our aim is to better
understand the inherent energetic relationship between the Si
NC and surface [Re] complexes and to identify systems
possessing strong coupling between the silicon band structure
and [Re]-centered orbitals. Si NCs in the range of our
synthetically accessible 3.0−3.9 nm diameter series comprise
between 700 and 1600 Si atoms, too computationally
expensive for the standard DFT methods used herein. Instead,
small cluster models are utilized for hydride-terminated Si NCs
(iSi−H) or methyl-terminated Si NCs (iSi−Me) between 1.4
and 2.0 nm diameter consisting of 71−191 Si atoms,
respectively. The models are generated in python by carving
a sphere of the desired diameter from a block of diamond
silicon. Surface hydrides are added with Avogadro, and all DFT
is run using the Orca 5.0.3 suite at the M06-L/TZVP/SVP
level of theory. Quantum confinement models for nanocrystal
band gap energy follow a power law relationship and have been
used by our group and others to track size-dependent changes
in the semiconductor band structure according to eq 1

= +E d1.17 3.73 n (1)

where E is energy in eV and d is the NC diameter in nm.
Estimates for quantum-confined Si according to the effective
mass approximation (EMA) suggested a power law trend
according to d−2 for silicon.28,39,40 Alternately, Delerue et al.
proposed variation from the EMA predictions at smaller
nanocrystal sizes according to a d−1.39 trend using a linear
combination of atomic orbitals (LCAO) approach.40 In our
previous work, a set of experimentally derived iSi NC band gap
energies was fit to eq 2 and found a d−1.69 trend for dodecyl-
terminated iSi NCs (black dashed line, Figure S7) intermediate
to the predicted EMA/LCAO bounds (yellow-shaded region,
Figure S7).28

= +E d1.12 3.73 n (2)

Our computational results are checked by plotting ΔE = ECB
− EVB vs model diameter for our series of 1.4−2.0 nm clusters

Figure 2. Photocatalytic CO production for iSi−OCH2[Re] in the
range of 3.0−3.9 nm at 1 μM NC compared with a mixture 1 μM in
3.9 nm iSi−C12 and 1 μM in [Re(bpy)(CO)3Br] (iSi + [Re], blue
dashed line) or [Re(bpy)(CO)3Br] (1 μM) with no Si NC present
([Re], black dashed line). Error for the iSi + [Re] and [Re] are
represented by the shaded regions. All photolyses were performed in
CO2-saturated THF with 100 mM TFE and saturated BIH. Products
in the headspace were sampled after 20 h irradiation with a 405 nm
LED array.
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and fitting it to the power law relationship (eq 2). A d−1.38

trend for these ultrasmall iSi−H clusters in good agreement
with the LCAO approach (blue solid line, Figure S7).
We next compare the absolute band edge positions for iSi−

H and iSi−Me to bulk silicon and independently calculate [Re]
frontier molecular orbitals (FMOs). We fit the DFT-predicted
CB and VB band edges for both models to a similar power law
as above, constraining the function to converge at
experimentally determined bulk band edge energies22 accord-
ing to eqs 3 and 4

= +E E d3.73 n
CB CB

o (3)

=E E d3.73 n
VB VB

o (4)

where ECB and EVB are the predicted conduction and valence
band edge energies (respectively, in eV), and ECBo and EVBo are
the bulk band edge energies (in eV). As shown in Figure 3

(blue points and fits), the iSi−H band edges are constrained to
−4.05 eV (ECB) and −5.15 eV (EVB) to model progression
toward the bulk silicon bands at larger NC sizes (d > ∼10
nm).41

However, the influence of alkyl termination on the iSi−Me
band edges requires a different treatment due to the electronic
influence of surface alkyl groups on the electron affinity and
ionization potential relative to vacuum. In this case, EVB for
iSi−Me is constrained to −3.71 eV and ECB to −2.59 eV based
on these experimentally determined values for hexyl-termi-
nated bulk silicon from Huffman et al.22 These constraints give
an excellent match to our computed band edges; when we plot
the difference between the CB (orange dashed line, Figure 3)
and VB (orange solid line, Figure 3) fits for iSi−Me clusters
against NC diameter from 1 to 10 nm (maroon trace, Figure
S7), they follow a d−1.58 relationship according to eq 2, also in

close agreement with our experimentally determined trend
(black dashed trace, Figure S7).
Comparing the iSi−Me ECB energy (orange fit) to the

[Re(I)Br] LUMO energy (dark gray dashed line, Figure 3)
suggests that the iSi−Me ECB resides well above the [Re(I)Br]
LUMO for all NC diameters. Therefore, electron transfer from
the NC to [Re(I)Br] is feasible for the first electron transfer
event in iSi−OCH2[Re] hybrids. However, we also calculate
the energy level of the resulting one-electron reduced [Re(0)]
with either a native Br− ligand ([Re(0)Br]−) or CH3CN
solvento ligand ([Re(0)CH3CN]0) and find that the empty
electronic state of the singly occupied molecular orbital
(SOMO, also referred to as the β-LUMO) for both the
bromide and solvento complexes resides above ECB for iSi−Me
for NC larger than ∼2.0 nm (dark gray bold line, Figure 3).
The two electron reduced [Re(−1)] complex is generally
accepted as the key intermediate in catalytic CO2RR based on
its rapid reactivity with CO2 tracked by stop-flow kinetic
measurements.42 We thus consider that photoinduced electron
transfer in iSi−OCH2[Re] assemblies is limited to formation of
the one electron reduced [Re(0)] complex instead of the
CO2RR-active [Re(−1)] state. These DFT data provide a
sound rationale for why TAS shows no benefit of the hybrid
structure.
Band−Orbital Mixing in Si−[Re] Hybrids
Previously, our group reported band edge tuning of Si NCs by
hybridization with different ligands,29,43 incorporation of
electronic dopants,44,45 or both.46 With these two levers in
mind, we undertake a series of DFT studies for assemblies of
iSi or B:Si NCs with [Re] complexes bound by various
tethering chemistries (Scheme S1). Since varying the attach-
ment chemistry is unlikely to move the [Re(0)] SOMO to a
sufficiently low energy level below the iSi NC conduction band
(the core bpy and ancillary ligands largely control the [Re]
states), we focus here on comparing nonconjugated versus
conjugated linkages in generating sufficiently strong coupling
between the Si and [Re] to form new hybridized states. This
strategy has precedent in coupling arenes to the electronic
structure of Si NCs as has been shown to enable
upconversion47 and band gap modulation in Si NC-arene
hybrids.48,49 In addition to the methylene silyl ether anchor, we
also consider an ethylene bridge (*Si−C2H4[Re]), a direct Si−
bpy bond (*Si−CAr[Re]), or a bipyrazine complex (*Si−
NAr[Re]) with distal N donors as a Lewis base for binding to
surface B sites for the B:Si system only.
As expected, the models with iSi NCs do not predict any

coupling for either of the saturated linker systems and only
show strong electronic interaction in the iSi−CAr[Re] model
(type C, yellow dashed lines, Figure 4). Therefore, we identify
iSi−CAr[Re] as a good target moving forward. However,
achieving the *Si−CAr linkage is a significant synthetic
challenge using conventional thermal radical chemistry since
the precursor salt, [Re(N2bpy)(CO)3Cl]BF4 where N2bpy =
2,2’- bipyridyl-4-diazonium ([Re]N2),

50 is thermally unstable
and insoluble in toluene. Thus, we found this [Re]N2
precursor complex is incompatible with the tethering chemistry
employed for the preparation of iSi−OCH2[Re] samples.
Instead, we target B:Si−CAr[Re] to compare to our previous
B:Si−OCH2[Re] results described above that is amenable to
nonthermal surface functionalization.
To fully account for the more complex surface chemistry in

B:Si NCs, we consider [Re] complexes bound to three

Figure 3. DFT-predicted band edges (circles) as a function of NC
model size compared to tethered [Re] FMOs (dark gray) and bulk
silicon band edges (light gray). The red (iSi−C12) and blue (iSi−H)
shaded regions correspond to NC diameter-dependent fits according
to the DFT predicted band edges according to eq 2.
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different surface sites: (1) *Si bonded to three other Si atoms
({Si3}*Si), (2) *Si bonded to two Si atoms and a single B
atom ({BSi2}*Si), or (3) a surface Lewis acidic B* site
({Si3}*B). We again consider both 1.5 (Figure S9) and 2.0
(Figure 5) nm diameter model systems and find consistent
trends for both sizes. From our computational results, it is clear
that, similar to the intrinsic system, B:Si−CAr[Re] achieves the
greatest coupling of any of the linkage chemistries. We predict
no coupling in the CB states at any anchor site for the
saturated linkers, B:Si−OCH2[Re] and B:Si−C2H4[Re]. B:Si−
NAr[Re] also does not exhibit coupling in the CB states.
Interestingly, the bpz complex LUMO (−4.27 eV for the 2.0
nm model) is situated well below that of other Si−[Re]
hybrids and below the CB of bulk silicon (−3.8 eV),51
suggesting that downhill electron transfer should occur from
excited-state Si to [Re] in the B:Si−NAr[Re] systems.

However, in the context of CO2 reducing assemblies, the
low-level LUMO predicted here lies well below the CO2/CO
reduction potential (ca. −4 eV at pH 7.0). In general, it
appears that regardless of the tethering group, anchoring to
{Si3}*B sites induces coupling only in the VB, and thus, tethers
relying solely on L-type ligation are unsuitable for coupled
systems. The results from the DFT modeling are clear that the
*Si−CAr[Re] linkage represents the best target for a coupled
system in both iSi and B:Si systems.
Electronic Investigation of Theoretical Targets

To validate the DFT predictions, we synthesize two different
B:Si−[Re] hybrid systems. As previously reported by our
group,44,46 B:Si NCs spontaneously dissolve into polar organic
solvents such as dimethyl sulfoxide (DMSO) due to Lewis
acid−base interactions as well as covalent attachment. Here,
we find similar dissolution is possible using CH3CN solvent

Figure 4. DFT-predicted energetics of 1.5 and 2.0 nm iSi−OCH2[Re] models with the shown surface attachment chemistries (A−C). Blue-shaded
bars represent the B:Si NC bands, and the light blue-shaded regions represent the bulk Si band structure. Strongly coupled Si−[Re] states are
shown as gold lines, [Re]-centered orbitals are shown as red lines, and slightly coupled states are shown as black or salmon lines for Si- or [Re]-
dominant orbitals, respectively. Dashed lines represent empty orbitals, and solid lines represent filled orbitals, in the ground state. The unbound
[Re(bpy)(CO)3Br] HOMO and LUMO are shown as solid and dashed red lines, respectively, across the entire plot.
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with sonication to effectively dissolve naked B:Si NCs that we
term B:Si−CH3CN and use as a catalyst-free control sample.
Sonication has also been shown as an effective method for
binding ligand precursors to a bulk silicon surface,22 and we
surmise that sonication also may achieve covalent tethering
chemistry of [Re] complexes to B:Si NCs. To generate B:Si−
OCH2[Re] and B:Si−CAr[Re], a solution of [Re]CHO or
[Re]N2 is sonicated in CH3CN with a stoichiometric amount
of 3.9 nm B:Si NC powder for a total of 2 h. In both cases, the
product solution is a dark coffee-colored colloid. The solution
is filtered through a 0.7 μm plug to remove any insoluble B:Si
NCs. These samples are incompatible with the standard
solvent/antisolvent purification since the solids do not
redisperse after precipitation. Dried films of both samples are
characterized by DRIFTS (Figure S10), and each shows a large
signal at ∼2080 cm−1 corresponding to the Si−H stretch, with
a shoulder at ∼2020 cm−1 and a peak at 1930 cm−1 (blue
dashed trace, B:Si−OCH2[Re]) or 1954 cm−1 (red trace,

B:Si−CAr[Re]), indicating the presence of both B:Si and the
fac-Re(CO)3 motif in the films. The DRIFTS spectrum of
B:Si−OCH2[Re] additionally shows loss of the [Re]CHO
aldehyde peak, suggesting successful insertion of the ligand-
centered aldehyde into surface hydrides. The B:Si−CAr[Re]
film is also compared to a DRIFTS spectrum of sonically
degraded [Re]N2 and an ATR spectrum of pristine [Re]N2
powder (Figure S11). The low-energy fac-Re(CO)3 peak of
B:Si−CAr[Re] is blue-shifted from either the pristine or
sonically degraded controls of [Re]N2, confirming successful
anchoring.
To understand the electrochemical behavior of B:Si−

CH3CN, B:Si−OCH2[Re], and B:Si−CAr[Re], we subject
thin films of each to cyclic voltammetry (CV, Figures 6, S12,
and S13). We compare these data to a sample comprising a
physical mixture (1:1) of B:Si−CH3CN and degraded [Re]N2
by sonicating B:Si NC powder in a 100 μM solution of freshly
degraded [Re]N2 and refer to this sample as B:Si + [Re]N2. A

Figure 5. DFT-predicted energetics of 2.0 nm B:Si−[Re] models with various considered tethers (A−D). Blue-shaded bars represent the B:Si NC
bands, pink-shaded bars represent B intra-band-gap trap states, and the light blue-shaded regions represent the bulk Si band structure. Strongly
coupled Si−[Re] states are shown as gold lines, [Re] centered orbitals are shown as red lines, slightly coupled states are shown as black or salmon
lines for Si- or [Re]-dominant orbitals, respectively, and coupled B−[Re] states are shown as pink lines. Dashed lines represent empty orbitals and
solid lines represent filled orbitals. The unbound [Re(bpy)(CO)3Br] HOMO and LUMO are shown as a solid or dashed red line, respectively,
across the entire plot.
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detailed CV analysis is included in the Supporting Information.
Ultimately, we observe features of free [Re(bpy)(CO)3Br] in
B:Si−OCH2[Re] samples (blue traces in Figures 6, S12, and
S13) and B:Si + [Re]N2 (yellow trace, Figure S13) but no
relevant peaks in B:Si−CAr[Re] (red traces in Figures 6, S12,
and S13). From these results, we conclude that both B:Si−
OCH2[Re] and B:Si + [Re]N2 show the uncoupled reduction
of both B:Si (Ep,c ca. −1.66 V vs Fc+/0) and [Re] (Ep,c1 ca.
−1.8, −2.15 V vs Fc+/0), whereas B:Si−CAr[Re] exhibits no
signs of [Re] reduction that suggests coupling between [Re]
and Si states.
We next probe the transient behavior of colloidal B:Si−

CH3CN, B:Si−OCH2[Re], and B:Si−CAr[Re] upon 405 nm
excitation in CH3CN (Figures 7 and S13). Excitation of B:Si−
CH3CN induces a broad absorption within the first 290 fs,
which relaxes within 5 ns. This recombination is much faster
than that observed for iSi−C12 samples and is consistent with
the lack of photoluminescence for B:Si NC. We next compare
the B:Si−CH3CN transient dynamics to solutions composed of
B:Si−CH3CN (1 μM) and untethered [Re(bpy)(CO)3Br] (1
μM or 100 μM) in CH3CN (Figures 7 and S14). The time-
resolved dynamics of [Re(bpy)(CO)3Br] are well-known in
the literature,52 which are important to review briefly since the
absence of the long-lived exciton observed for iSi−OCH2[Re]
means that the photodynamics in Figure 7 are a convolution of
those from [Re(bpy)(CO)3Br] as well as hybrid B:Si−
OCH2[Re] and spatially associated B:Si ↔ [Re] complexes.
Briefly, excitation of the MLCT band (λmax = 375 nm)

results in rapid intersystem crossing from the Re-centered
singlet state to the space-separated triplet state with tens of ns
lifetime at ambient temperature. The triplet signal is
characterized by a sharp photoinduced absorption at λmax ∼

480 nm with a broad peak at λmax ∼ 570 nm that exhibits little
to no decay on the 0.3−5000 ps timescale of our experiment.
The [Re(bpy)(CO)3Br] spectral signature (Figure S14e)
dominates the solution of B:Si−CH3CN with a large excess
of [Re(bpy)(CO)3Br] (100 mM, Figure S14f). However, 1:1
solutions of B:Si−CH3CN (1 μM) and [Re(bpy)(CO)3Br] (1
μM) reveal a new interaction between B:Si−CH3CN and
[Re(bpy)(CO)3Br] (Figure S14d). A bleach of the transient
[Re(bpy)(CO)3Br] signal is revealed between 50 and 500 ps
after complete relaxation of the B:Si−CH3CN exciton due to
the presence of [Re(bpy)(CO)3Br] in solution. Ultrafast
charge transfer from NC systems to untethered metal
complexes is a well-documented phenomenon in the
literature.53−55 The sub-nanosecond excited-state electron
transfer event is facilitated by preassociation between the NC
and the metal complex. We posit that the long-lived bleach
signal is the result of a subpopulation of the [Re] ↔ B:Si NC
association complex, only revealed after complete relaxation of
unassociated B:Si−CH3CN. It is likely that the preassociation
complex forms by a flat interaction where the NC bands can
mix with the bpy π system, a phenomenon well recorded in the
literature.56

Figure 6. (a) CVs of B:Si−CH3CN (black line, gray shading), B:Si−
OCH2[Re] (blue dashed trace), and B:Si−CAr[Re] (red solid line)
thin films on glassy carbon. The 1st, 2nd, and 11th of 11 repeat cycles
are shown. (b) The same voltammograms zoomed in on the cathodic
region and vertically offset for clarity. A voltammogram of dissolved
[Re(bpy)(CO)3Br] (black-shaded trace) is included for comparison.
All voltammograms are collected at 50 mV s−1 in CH3CN under an
argon atmosphere. The [Re(bpy)(CO)3Br] voltammogram was
collected with a freshly polished glassy carbon electrode in the
presence of 1 mM [Re(bpy)(CO)3Br] and scaled to 1/12th for
clarity. Figure 7. Transient absorption data generated by a 400 nm pump

pulse. (a) Transient absorption spectra of B:Si−CH3CN (black),
B:Si−OCH2[Re] (blue), a physical mixture of B:Si−CH3CN and
[Re(bpy)(CO3)Br] (yellow), and B:Si−CAr[Re] (red) at a pump−
probe delay of 5 ns. (b) Transient dynamics of B:Si−CH3CN (black),
B:Si−OCH2[Re] (blue), a physical mixture of B:Si−CH3CN and
[Re(bpy)(CO3)Br] (yellow), and B:Si−CAr[Re] (red) at λprobe = 480
nm. Time-dependent spectra for all samples shown here can be found
in Figure S14a−d. All samples collected with 1 μM analyte(s) in Ar-
saturated CH3CN.
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The [Re] tethered via the saturated linker in B:Si−
OCH2[Re] imparts minimal effect on the temporal evolution
of the B:Si NC photoinduced absorption cf. neat B:Si.
Complete relaxation of the transient signal is achieved within
500 ps with minimal bleach observed. Thus, we conclude that
limited association exists between tethered −OCH2[Re] and
the B:Si NC, likely due to spatial restrictions imposed by the
two-atom linker that prevents the required flat interaction by
the bpy π system. This agrees with the observed behavior from
iSi−OCH2[Re] (Figure 1) showing that the −OCH2− linker
severely hinders electronic communication between Si and
[Re].
The magnitude of this bleach increases for B:Si−CAr[Re],

suggesting that there is a stronger interaction between B:Si and
[Re] with this linker. The transient decay dynamics of B:Si−
CAr[Re] evolve over time in a manner clearly distinct from that
of iSi−C12 and iSi−OCH2[Re], as shown in Figure 1. The
initial time point scan reveals a broad photoinduced absorption
throughout the visible window. This feature decays at the same
rate as the B:Si−OCH2[Re] signal monitored at the same
wavelength over the course of the experiment, and thus, we
assign it to the B:Si exciton. Monitored at 480 nm, there is an
early time point growth in the signal over the first ps followed
by decay into a bleached [Re]-centered signal between 50 and
500 ps. The homology between the untethered mixture of B:Si
and [Re] and the transient decay kinetics of B:Si−CAr[Re]
suggests that both cases involve band-FMO mixing between
the NC and [Re]. While the specific tethering moiety of B:Si−
CAr[Re] is less flexible than B:Si−OCH2[Re], direct orbital
interaction through the tethered bpy π system is feasible, as
predicted computationally above (Figure 5) and observed
visually in a representative orbital density plot for a strongly
coupled Sicore−[Re] state (Figure 8). This coupled interaction

should provide a convenient pathway for photoinduced
electron transfer from the NC to the bound [Re] complex.
However, the TAS data show that this coupling between the
[Re] orbital structure and the NC bands additionally opens a
new pathway for excitonic relaxation that is undesirable for
photocatalysis.
Photocatalysis of B:Si−[Re] Hybrids
Finally, we compare the catalytic activity of colloidal B:Si−
CAr[Re] (1 μM) to that recorded for B:Si−OCH2[Re] (1:1, 1
μM) and free [Re(bpy)(CO)3Br] (1 μM) in CH3CN (vide
supra, Figure S15). We note that the conditions employed for
photocatalysis in the B:Si NC systems are different from those
discussed earlier for the iSi systems (in particular, CH3CN vs

THF solvent), making direct comparison difficult. Instead, we
focus on relative changes between samples measured under
these conditions. The catalytic measurements probe the
practical effects of coupling on CO2RR and which of the two
competing forces�photoinduced energy and/or electron
transfer leading to productive photocatalysis versus enhanced
recombination�win out in the electronically coupled B:Si−
CAr[Re] hybrid. After 20 h of photolysis by a 405 nm LED
array, CO, H2, and CH4 are detected in the headspace.
However, the TON of CO produced by B:Si−CAr[Re] is 2−3
times lower than that of either B:Si−OCH2[Re] or [Re(bpy)-
(CO)3Br] under the same conditions. Since B:Si−CAr[Re]
features an axial chloride ligand instead of bromide ligand,
comparison to the control bromide complex used for catalytic
measurements should provide an overestimate of the
assembly’s catalytic activity since chloride complexes are
known to exhibit faster turnover than the corresponding
bromide complexes.57 Instead, worse TON for CO2RR to CO
is found. Since results from our computational studies and
saturated linker system suggest empty [Re] orbitals do not
occupy intra-band-gap space, the photocatalytic results suggest
that the B:Si−CAr[Re] system is parasitically leaching photo-
induced charges in the surface [Re] complex�which
otherwise would be available for catalysis�into the B:Si NC
through the coupled electronic states.

■ CONCLUSIONS
We explored quantum confinement and doping effects on Si
NC−[Re] hybrid assemblies’ energetics and catalytic activity.
Following conclusions from our previous result, most observed
catalytic activity proceeds via direct light absorption by surface
[Re] with minimal assistance from the NC. Raising the Si
conduction band energy level to increase the driving force for
photoinduced electron transfer by varying the Si NC size
between 3.9 and 3.0 nm is a successful strategy for ultrasmall Si
NCs, but this does not affect photocatalysis in a statistically
significant manner since increasing the band gap energy blue-
shifts the Si absorption such that highly quantum-confined Si
NCs only weakly absorb visible light.
Doping, on the other hand, provides a viable pathway to

achieve the desired Si−[Re] energetic matching when the
correct surface chemistry is applied. We computationally
analyzed a number of B:Si−[Re] models and compared the
electrochemical, spectral, and catalytic behavior of two
synthetically accessible target hybrid structures. We observed
evidence of coupling in the directly tethered B:Si−CAr[Re]
samples as predicted computationally. Though this purely
photocatalytic system suffers from static driving forces
depending on fixed band/orbital energies, this coupled system
is intriguing for future photoelectrochemical (PEC) applica-
tions. A PEC system may allow for dynamic control of the
energetics of the catalyst FMOs, and the band bending present
in a bulk PEC system may mitigate recombination that appears
to limit photocatalytic performance in B:Si−CAr[Re]. Since
many CO2RR molecular electrocatalysts feature high lying
FMOs, development of lower redox potential CO2RR catalysts
or the choice of a less energetically costly catalytic reaction
(e.g., HER) may be required to produce a favorable match
between the Si CB level and tethered catalyst vacant orbitals.
Other photocathode modifications, such as oxide or other
interfacial modifiers as well as using semiconductors with
higher energy conduction band positions (i.e., not Si that is the
focus of this work), also may be viable strategies. Ongoing

Figure 8. Computationally predicted orbital density plot for the
empty 736α (Si LUMO) orbital of 1.5 nm B:Si−CAr[Re].
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work in our laboratory is exploring these options, with the goal
of replicating the Si−metal complex coupling observed herein
by facilitating a low barrier photocatalytic cascade from the Si
NC to the surface metal complex and subsequently providing
barriers to deleterious recombination.
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CV cyclic voltammetry
TAS transient absorption spectroscopy
PECVD plasma enhanced chemical vapor deposition
DRIFTS diffuse reflectance infrared Fourier transform spec-

troscopy
FTIR Fourier transform infrared spectroscopy
ATR attenuated total reflectance
PL photoluminescence
GC gas chromatography
bpy 2,2′-bipyridyl
mcabpy 4-methyl-2,2′-bipyridyl-4′-carboxaldehyde
BIH 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzimida-

zole
THF tetrahydrofuran
TFE 2,2,2-trifluoroethanol.
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