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Silicon Nanowires Show Improved Performance as Photocathode for
Catalyzed Carbon Dioxide Photofixation**
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The ability to use sunlight, the most abundant form of energy
on earth�s surface, to power chemical reactions is a unique
feature of natural photosynthesis.[1] The process enables the
storage of solar energy that is intermittent in nature. With
carbon dioxide (CO2) as a feedstock, it also produces highly
specific organic chemicals that are the essential energy
suppliers or building blocks for a wide range of important
natural processes.[2–4] Significant research efforts have been
devoted to mimicking the process in artificial systems, the
major focus being on how to improve solar energy conversion
efficiencies.[5, 6] Relatively underwhelming attention is paid to
issues related to low product specificities when CO2 is
reduced. Inspired by the detailed mechanisms of the dark
reactions in the Calvin cycle,[7] we recently reported a strategy
to combat this problem.[8] Briefly, the key was to avoid direct
reduction of CO2, which is prone to produce carbon atoms of
varying oxidation states. Instead, we rely on the creation of an
intermediate that subsequently reacts with CO2 selectively.
The idea is similar to the approach of Bocarsly et al. using
pyridinium for the production of methanol,[6] although we
seek to produce more complex and hence synthetically
relevant organic molecules. In principle, the scope of reac-
tions can be significantly broadened if the intermediate
produced by photoreduction is a catalyst that can be used to
react with CO2 to yield the desired product. Similar to
photosynthesis, the carbon–carbon bond-forming reactions
are independent of photons (e.g. the dark reactions), allowing
for an improved control in selectivity. To test this hypothesis,
here we report our success in performing CO2 photofixation
with the help of the [Ni(bpy)2] catalyst. To our surprise and
delight, we observed that the Si nanowire (SiNW) photo-
electrode exhibited more than 300 mV turn-on potential
increase when compared with planar Si. We attributed this to
the multifaceted nature of the nanowires.

Our catalyzed CO2 photofixation design is shown in
Scheme 1. SiNWs absorb solar energy and excite electrons to
the conduction band. The excited electrons are transferred to
the [NiII(bpy)2]

2+ complex and produce [Ni0(bpy)2], which
then binds with CO2 and the alkyne substrate. Oxidative

cyclization of the alkyne and CO2 yields a NiII metallacycle,
which upon protonation releases the desired carboxylic acid,
regenerating the NiII catalyst. Overall, the Ni-catalyzed
process provides an efficient and stereospecific synthesis of
trisubstituted alkenes from CO2 and an alkyne.

Although the process may be accomplished by electro-
chemistry[9] using, for example, Pt as the working electrode,
the advantage of performing the reaction on a Si photo-
electrode is a significantly lowered requirement for externally
applied potentials, as shown in Figure 1. Analysis of the crude
reaction mixture shows that the reaction proceeded at 81%
faradaic efficiency for the carboxylated product. Most prom-

Scheme 1. Proposed reaction mechanism of catalyzed CO2 fixation by
Si photoelectrodes.

Figure 1. Comparison of various electrodes and photoelectrodes.
a) Cyclic voltammetry in acetonitrile with 0.1m tetrabutylammonium
bromide, 5 mm [Ni(bpy)3(BF4)2] , and 0.05m 4-octyne, saturated with
CO2. Scan rate: 50 mVs�1. Both SiNW and planar Si photoelectrodes
were under illumination of a Xenon lamp (light intensity adjusted to
100 mWcm�2). No measurable current was observed on the SiNWs
and planar Si photoelectrodes without illumination. b) Polarization
curves in the same solution but under vigorous stiring (1000 rpm).
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inent of the features are that the peaks in the cyclic
voltammetry (CV) corresponding to the reduction/oxidation
of [NiII(bpy)2]

2+/[Ni0(bpy)2] are anodically shifted, from
�0.71 V for Pt to �0.37 V for a planar Si photoelectrode,
and �0.19 V for SiNWs (Figure 1a; all potentials shown
herein are relative to the Ag/AgI/I� reference electrode,
which is �0.56 V relative to the saturated calomel electrode
(SCE); see the Supporting Information). The shift suggests
that the need for applied potentials is greatly reduced, with
the additional power produced by the photoelectrode. Our
approach allows one to effectively use the energy delivered by
light for the reduction of CO2, which is an important character
of photosynthesis. We also note that there are no anodic peaks
visible on all electrodes (Figure 1 a), indicating electron
transfer from Ni0 to an alkyne and CO2 as proposed in
Scheme 1. Without alkyne and CO2, the anodic peaks were
unambiguously observed (see the Supporting Information).

There are several points we wish to highlight in this paper,
including the importance of light, the performance difference
between electrodes made of SiNWs and planar Si, and
a hypothesis for these unusual observations. We first focus on
the effect of light on the reactions. Within the potential
window that we measured (Figure 1), without light no
currents were observed on electrodes made of Si, either
planar or SiNWs. The result suggests that light plays an
important role in powering the reactions. The difference
between the red/ox potentials of [NiII(bpy)2]

2+/[Ni0(bpy)2] for
Si and that for Pt was inferred as the photovoltage provided
by Si.[10] When Si is in equilibrium with the electrolyte system,
a downward band bending occurs (see Figure 2c&d). This is
because the Fermi level (as measured by the flatband
potential, Vfb) of Si is more positive than the equilibrium
potential of the [NiII(bpy)2]

2+/[Ni0(bpy)2] system. Here we
emphasize that the exact equilibrium potentials of the

electrolyte system relative to the Fermi levels of Si are
unknown. The measurement of these values requires further
research. It is likely to be different from the red/ox peak
positions of [NiII(bpy)2]

2+/[Ni0(bpy)2] as measured by the CV
peak positions in Figure 1 a, which were obtained under
stagnant conditions. This is because the equilibrium potential
of [NiII(bpy)2]

2+/[Ni0(bpy)2] depends on the relative concen-
trations of the oxidized and reduced species. As such, our
representation of the band-bending in Figure 2 is qualitative
in nature.

The data presented in Figure 1a nonetheless allowed us to
obtain a Vph of 0.34 V for planar Si and one of 0.52 V for
SiNWs. These values fall in the range of photovoltages
observed on both n- and p-type Si previously.[11, 12] What was
intriguing, however, is the difference between photoelectr-
odes made of planar Si and SiNWs. To better present the
difference, typical polarization curves for all three types of
electrodes are plotted in Figure 1b. If we define the potential
at which the currents (or photocurrents) reach 50 mAcm�2 as
the turn-on voltage (Von), the value for Pt is �0.46 V, and
those for planar Si and SiNWs are �0.20 V and + 0.04 V,
respectively. The result implies photoelectrodes of SiNWs
produce larger photovoltages. While reduced reflection and
improved light harvesting by SiNWs might contribute to the
greater photovoltage,[13] such an effect would fail to account
for a significant difference like the one that we observe
(0.24 V more photovoltage measured on SiNWs). The same
trend was observed on more than six pairs of photoelectrodes,
with less than 0.02 V differences in the photovoltages
measured. We therefore ruled out the possibilities of mea-
surement artifacts.

We suggest that the difference is a manifestation of how
easy or difficult charge is transferred between Si and the
catalyst. It is well documented that the impedance to the
charge-transfer process are observed in polarization curves as
a part of the overpotential.[14] Because [Ni(bpy)2]

2+/0 is not
known to form covalent bonds with Si, the electron transfer
likely proceeds through an outer-sphere mechanism. The ease
(or difficulty) of electron transfer to [Ni(bpy)2]

2+/0 is depen-
dent on which surfaces of Si it is exposed to and how the
molecules are arranged relative to Si surface atoms. The
advantage of SiNWs is that each individual nanowire is
multifaceted, meaning that a variety of crystal planes are
present. It is reasonable to assume that electron transfer
pathways between a SiNW and a [Ni(bpy)2]

2+ are preferably
formed on a crystal plane that favors the process, more so
than on one that requires higher overpotentials, such as the
(100) faces.

One way to test this hypothesis is to examine the
electrochemical impedance spectroscopy. For this purpose,
we plot how the capacitance varies with the applied potentials
in the dark. As shown in Figure 2a, a Mott–Schottky (M-S)
relationship [Eq. (1)]

C�2
SC ¼

2
A2

Sqe0eNA
Vfb � V � kT

q

� �
ð1Þ

is followed by the SiNWs for frequencies ranging between
5000, 10000, and 20000 Hz. Here, C represents the space

Figure 2. Mott–Schottky plots and the corresponding energy band
diagrams of SiNWs electrodes (a and c, respectively) and planar Si (b
and d, respectively). The insets in (a) and (b) show the legends of the
frequencies used. The plateau observed on planar Si (b) is attributed
to the charging of the Helmholtz (HL) layer. The understanding is
shown in panel (d).

.Angewandte
Communications

4226 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 4225 –4228

http://www.angewandte.org


charge capacitance in the semiconductor, NA is the hole
density, q is the electron charge, e0 is vacuum permittivity of
a vacuum, e is the dielectric constant of Si, V is the applied
potential, Vfb is the flat band potential, T is the temperature,
and k is the Boltzmann constant. The negative slope proves
that the majority carrier is a hole, consistent with the fact that
p-type Si was used. From the M-S plots, a carrier concen-
tration of NA = 3.1 � 1015 cm�3 and Vfb =+ 0.69 V was
obtained. The carrier concentration calculation is in excellent
agreement with the information provided by the vendor of the
Si substrate (resistivity: 10–20 Wcm; NA = 1015 cm�3).

In stark contrast, a plateau shows up in the M-S plots for
planar Si between�0.55 to�0.30 V. In the literature, a plateau
like this is typically understood as a voltage region within
which the applied potential drops within the Helmholtz layer
instead of in the depletion region of the semiconductor.[15]

The most common cause for such a phenomenon has been
regarded as surface states-induced Fermi level pinning.[16] We,
however, consider surface states trapping an unlikely mech-
anism for the phenomenon because the plateau was only
observed on pristine planar Si; it was absent on SiNWs
produced by chemical etching which are far more likely to be
of high surface states. We understand the origin of the plateau
as the change of the Helmholtz layer on planar Si between
�0.55 and�0.30 V. It is hypothesized that the arrangement of
[NiII(bpy)2]

2+ on Si surfaces is dependent on the surface
potentials, and that the arrangement defines the impedance of
charge transfer. For SiNWs, owing to the availability of
a variety of facets, one that favors charge transfer between
[NiII(bpy)2]

2+ and Si is present within the entire potential
window. For planar Si, on the other hand, the only available
crystal plane is Si(100), which does not favor charge transfer
between [NiII(bpy)2]

2+ and Si above �0.30 V. Starting from
�0.30 V, the negative potential induces molecular rearrange-
ment for improved charge transfer, and the process is
complete at �0.55 V. In other words, between �0.30 and
�0.55 V, most of the applied potential drops within the
Helmholtz layer instead of the space charge region of Si. The
understanding is depicted in Figure 2d. Close examination of
the M-S plots of planar Si revealed that if the data between
Vapplied = 0 and �0.30 V are used to extract the Vfb, a value of
+ 0.66 V is obtained, which is only different from that
obtained on SiNWs by 0.03 V (Vfb of a SiNW is + 0.69 V, as
shown in Figure 2a). At applied potentials below�0.55 V, the
potential drops by approximately 0.25 V within the Helm-
holtz layer that does not contribute to the formation of the
space charge region. Note that all results discussed in this
paragraph were obtained under steady-state conditions in the
dark.

To validate the hypothesis, we further examined the
Nyquist plots at different applied potentials by fitting the data
using equivalent circuits (Figure 3; also see the Supporting
Information). Two distinct features of this group of data are
noted. First, the capacitance attributed to the space charge
region of the SiNWs decreased monotonically between 0 and
�0.600 V. By comparison, the capacitance corresponding to
the space charge region of planar Si remained unchanged
between �0.30 and �0.50 V. This observation is consistent
with the M-S plots as shown in Figure 2. It proves that within

this potential window, the increased negative potential on
planar Si drops within the solution but not in the space charge
region, as indicated in Figure 2d. Second, a clear difference
between the data obtained on SiNWs and those on planar Si is
observed in the low frequency region, where the character-
istics of the Helmholtz layer and the solution dominate the
features. For instance, at 0 V the fitting of the data for planar
Si resulted in a resistor of 4.03 � 106 W while that for the
SiNWs was 8.83 � 104 W. At �0.60 V, the values were 1.49 �
105 and 1.60 � 105 W, respectively (see the Supporting Infor-
mation). The difference indicates that charge transfer from
planar Si to [NiII(bpy)2]

2+ at small applied potentials (e.g.,
0 V) was indeed more difficult than that from SiNWs to
[NiII(bpy)2]

2+, whereas the difference is negligible at high
applied potentials (e.g., �0.60 V).

Taken as a whole, we understand the data as follows.
When [NiII(bpy)2]

2+ is in contact with SiNWs, a charge-
transfer pathway is established at relatively positive potentials
because of the multifaceted nature of the SiNWs. At similar
potentials, a significant resistance between planar Si and
[NiII(bpy)2]

2+ exists, which disappears when the applied
potential is negative enough (lower than �0.50 V, for
example). The understanding also explains the photocurrent
differences as shown in Figure 1b. At �0.20 V applied
potential, a current density of �1.72 mAcm�2 was observed
on SiNWs while no photocurrent was measured on planar Si.
In the diffusion-limited region (e.g., �0.60 V), higher photo-
currents were measured on planar Si than on SiNWs because
of better ionic diffusion on a planar electrode.

As Si is an earth abundant element, and a great deal of
knowledge about its optoelectronic and photoelectrochemical
properties has been accumulated, research on using Si-based
materials for solar energy applications is of special interest.
Within this context, our result is significant. It shows that
SiNWs may exhibit advantages over planar Si in addition to
better light absorption. By reducing the overpotential
because of charge transfer impedance, a higher photovoltage
is measured on SiNWs than on planar Si. Although similar
observations have been made by earlier reports,[17, 18] little
attention has been paid to explaining the phenomenon. To the
best of our knowledge, our report is the first to systematically
compare photoelectrodes of SiNWs and planar Si in a syn-
thetically useful system. A consistent trend, albeit in a much
less pronounced magnitude, was observed in our proof-of-
concept demonstration of the benzophonene system.[8] Pre-
vious considerations[13, 19, 20] about the trade-off between

Figure 3. Nyquist plots at 0 V (a) and �0.600 V (b) for SiNWs (black)
and planar Si (gray). The dotted lines are fitted to the data.
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photovoltage reduction caused by surface states and better
charge collection by the NW morphology are generally valid.
Nevertheless, cautions must be used when applying these
considerations to specific chemical systems as these factors
may be outplayed by those related to the detailed chemical
mechanisms. With the intense research attention on solar
energy applications by photoelectrochemical processes, we
envision that reactions similar to natural photosynthesis, that
is, those seeking to use solar energy to produce highly specific
chemicals, will gain increasingly more attention. For these
reactions, each system must be evaluated individually.

Communicating the point that the multifaceted nature of
SiNWs may be advantageous for catalytic photoelectrochem-
ical processes is our primary intention. To fully understand
the nature of the interface between Si and the electron-
receiving groups, more detailed research is needed. For
instance, Si with different crystal faces exposed could be
obtained or produced and the charge-transfer characteristics
could be measured to identify which facets favor charge
transfer between Si and [NiII(bpy)2]

2+. Detailed knowledge
like this will contribute significantly to the goal of designing
highly specific reactions that are powered by sunlight and
produce useful chemicals in a way similar to natural photo-
synthesis but at much higher efficiencies.

Experimental Section
Photoelectrochemical (PEC) and electrochemical impedance spec-
troscopy (EIS) experiments were carried out using a CHI 609D
Potentiostat. A three-electrode configuration was used, in which
a Ag/AgI wire soaked in 0.1m tetrabutylammonium iodide acetoni-
trile solution was used as the reference electrode, a piece of high-
purity Al foil (99.9995%, Alfa Aesar, USA) served as the counter
electrode, and SiNW-based (fabrication details in the Supporting
Information) or planar Si photoelectrodes were used as the working
electrode. The electrolyte solution was composed of 5 mm [Ni(bpy)3-
(BF4)2] catalyst and 0.1m tetrabutyl ammonium bromide (TBAB) (�
99.0%, Sigma–Aldrich, USA) in 20 mL acetonitrile. CO2 (Airgas,
USA; flow rate: 120 SCCM) was continuously bubbled through the
solution. A 150 W Xenon lamp (model 71228, Newport, USA)
equipped with an AM 1.5G filter and illumination intensity calibrated
to be 100 mWcm�2 by a Si photodiode (UV 005, OSI, Optoelectronic,
USA) was used as the light source. The scan rates for both CVand IV
curves were 50 mVs�1. EIS measurement was done with electrolyte
solution of 5 mm Ni(bpy)3(BF4)2 catalyst and 0.1m tetrabutyl ammo-

nium bromide in 20 mL acetonitrile without illumination. Frequency
range was from 105 Hz to 1 Hz.
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