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ABSTRACT: Bulk processing of porous silicon nanoparticles (nSi) of
50−300 nm size and surface area of 25−230 m2/g has been developed
using a combustion synthesis method. nSi exhibits consistent photo-
response to AM 1.5 simulated solar excitation. In confirmation of
photoactivity, the films of nSi exhibit prompt bleaching following
femtosecond laser pulse excitation resulting from the photoinduced
charge separation. Photocurrent generation observed upon AM 1.5
excitation of these films in a photoelectrochemical cell shows strong
dependence on the thickness of the intrinsic silica shell that encompasses
the nanoparticles and hinders interparticle electron transfer.

KEYWORDS: solar energy, photoelectrochemistry, porous silicon, combustion synthesis, thermite reaction, nanopowder

■ INTRODUCTION

Porous silicon has been the focus of research interest since the
1970s when the Uhlirs group attempted to develop an
electrochemical method to fabricate silicon wafers for
applications in microelectronic devices at Bell Laboratories. In
the 1970s and 1980s, researchers found that the high surface
area porous silicon was an attractive candidate for vapor sensors
and spectroscopic applications.1−3 In the 1980s and 1990s,
more unique nanostructural characteristics of porous silicon
(high surface area, increased reactivity) were observed, with
many efforts dedicated to understanding the fundamentals of
porous nanosilicon (nSi) and its use in electronics and
biomedical sensors.4 In addition, nSi has potential applications
in thin film solar cells5−7 and as an alternative for energetic
materials.8,9

The large-scale mass production of nSi remains challenging.
On the laboratory scale, different grades of nSi can be
generated by stain etching10,11 of either silicon wafers or
metallurgical grade silicon powder in aqueous or nonaqueous
electrolytes containing nitric acid (HNO3) and hydrofluoric
acid (HF). These techniques provide control over nSi pore-size
distributions (mesoporous, macroporous) and the depth of
etching, but fail to produce large quantities. This etching
technique has been used to generate both random6,12,13 and
organized14,15 silicon nanostructures.
On the industrial scale, silicon is typically produced via the

reduction of silicon dioxide by carbon in high temperature
furnaces.16 This method is energy intensive and requires a
processing time on the order of days. Two other similar
methods of silicon production, aluminothermy and magnesium
reduction, are also well-known.17−19 However, all above

conventional approaches do not allow bulk synthesis of silicon
nanopowders.
Combustion synthesis (CS), also known as self-propagating

high-temperature synthesis (SHS), is an attractive technique for
production of different materials. In a conventional SHS
scheme, a heterogeneous exothermic mixture of solid powders
is pressed into a pellet and ignited at one end, generating a
high-temperature combustion wavefront that propagates
through the reactive media, converting the precursors to the
desired product. The unique characteristics of CS include the
following: (i) short (seconds) synthesis duration; (ii) great
energy efficiency, since the internal system chemical energy is
primarily used for materials production; (iii) requires only
simple technological equipment; (iv) produces high purity
products with unique properties since the extremely high
temperatures in the combustion wave (up to 4000 K) burn off
most of the impurities.
The combustion synthesis approach has also been used for

nanomaterial production, including nSi.20−22 However, there
are some shortcomings related to CS that must be addressed.
For example, in the selected thermite type (SiO2/Mg) reaction,
thermodynamic calculation predicts that the adiabatic combus-
tion temperature is ∼2200 K, which is higher than the melting
point of silicon (1687 K). This implies that as-formed silicon
melts and agglomerates. To moderate the temperature, a
modified CS route known as salt-assisted combustion synthesis
(SACS)23,24 is used. By combining the reactive mixture with
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alkali metal halides, the combustion temperature is significantly
reduced, and the as-synthesized nanostructures are maintained.
The photoelectrochemical (PEC) properties of nanostruc-

tured silicon vary depending on the method of preparation.25,26

Smestad and co-workers27 measured an open circuit potential
(VOC) of 0.36 V and a short-circuit current (JSC) of
approximately 2 μA from a silicon wafer etched in HF. Greater
photoactivity has been achieved with the use of silicon
nanowire arrays. Liu and co-workers observed a JSC of 27
mA/cm2 in silicon nanowires formed by etching a silicon wafer
in AgNO3 and HF,28 and Kelzenberg et al. achieved 23 mA/
cm2 in single p-n radial junction nanowires.29 Syu et al.30

created a solid-state silicon nanowire/PEDOT:PSS device with
a maximum external quantum efficiency of 63%. Boettcher et al.
used a silicon nanowire array with a discontinuous Pt layer to
evolve hydrogen from water in a three-electrode system.15

We now report the bulk synthesis of porous silicon
nanopowder (nSi) using a SACS method to explore the
photoactivity of nSi. The results of the transient absorption
spectroscopy and PEC measurements are presented and
shortcomings of nSi along with possible solutions to address
these limitations are discussed.

■ EXPERIMENTAL SECTION
Synthesis. The desired amount of Mg (99.8% purity, mean particle

size d ≤ 44 μm, Alfa Aesar, U.S.A.), SiO2 (99.5%, d ≤ 44 μm, Cerac,
U.S.A.), and NaCl (Alfa Aesar, U.S.A.) powders were thoroughly
mixed in an ethanol bath (ethanol:mixture 2:1 wt %) with zirconium
oxide (ZrO2) milling balls on a ball mill for 6 h, followed by drying in a
temperature controlled oven at 353 K for 12 h. All powders utilized in
this work were used as-received.
This SiO2/Mg/αNaCl exothermic mixture was placed in a graphite

crucible (6.5 cm O.D. × 5 cm I.D. × 5 cm deep) and inserted into a
cylindrical steel reactor (26 cm O.D. × 23 cm I.D. × 60 cm length).
The reactor was sealed, evacuated to Pi = 10−5 MPa and then purged
with argon gas (99.998% purity, Praxair Distribution Inc., U.S.A.) up
to the desired pressure (Pf = 0.1−3 MPa). The combustion process
was initiated by passing a DC pulse (I = 10 A, U = 20 V) through a
tungsten wire located close to the powder surface in the graphite
sleeve. The pulse was turned off immediately after reaction initiation.
A combustion wave propagated in a self-sustained manner along the
sample volume, converting the initial mixture into the final product.
The overall SACS reaction can be expressed as follows:

α α α+ + → + + ≤ ≤SiO 2Mg NaCl Si 2MgO NaCl, 1 22

(1)

It is worth noting that up to 2.5 kg of nSi powder can be produced in
one batch under these synthesis conditions. The as-synthesized
product is then collected for further hydrometallurgical treatments and
characterization.
Post-Treatment. The as-synthesized product was leached in an

acid solution at room temperature to remove undesired phases like
MgO and NaCl. In some cases, to obtain nSi with a higher purity, an
additional leaching process using a combination of multiple acids at an
elevated temperature was carried out. More specifically, the acid
leaching of as-synthesized products was performed by a two-step
procedure to remove metal impurities and to reduce oxygen (silica)
content in the silicon. The first step included treatment in a dilute
hydrochloric acid solution. After 6 h the as-leached materials were then
vacuum-filtered and collected. For select powders, a second
purification was carried out involving treatment of silicon powder
with a multi-acid solution (40% water, 30% ethanol, 20% hydrofluoric
acid, 5% nitric acid, and 5% acetic acid by volume) at 323 K for 3 h. An
excess of deionized water was used to neutralize the acidic Si solution
until neutral pH was reached. The final Si product was dried overnight
at room temperature under vacuum.

Characterization. The phase compositions of nSi before and after
synthesis and post-treatment were determined by X-ray diffraction
(XRD, Scintag X1 Advanced Diffraction System, Scintag Inc., U.S.A.)
operated at 40 kV and 30 mA. XRD Step-scan data (step size 0.02°
and counting time 0.5 s) of nSi was recorded for the angular range
20−80°. The purity of the as-synthesized nSi (i.e., oxygen
concentration) was determined by both energy dispersive X-ray
spectroscopy (EDS) (INCAx-sight Model 7636; Oxford Instruments,
U.S.A.) and an inert gas fusion method at Leco, Inc. (St. Joseph, MI,
U.S.A.). Brunauer−Emmett−Teller (BET) specific surface area (SSA)
was measured on a Coulter SA3100 analyzer at 77 K, with nitrogen as
the adsorbent gas. The nSi was held under vacuum at 298 K for 4 h
before the SSA measurement. nSi microstructural morphologies were
examined by a field emission scanning electron microscope (FESEM,
Magellan 400, FEI, U.S.A.). Atomic level structure analysis was
performed on an FEI-Titan 80-300 transmission electron microscope
(TEM) at 300 kV in a high-resolution transmission electron
microscopy (HRTEM) mode.

PEC measurements were performed in a two-electrode config-
uration on a PARstat 2263 potentiostat (Princeton Applied Research).
Both open and sandwich cell experimental setups (see schemes in
Figure 7C and Figure 8, respectively) were used to test nSi PEC
performance. An SnO2 paste synthesized by literature methods31 was
used to prepare films for transient absorption and open cell PEC
measurements. In brief, a colloidal solution of 700 mg of polyethylene
glycol per mL of SnO2 (15% aqueous solution, Alfa Aesar) was heated
while stirring until well-mixed. This paste was applied by a doctor-
blade method onto a glass substrate (microscope glass for transient
absorption, fluorine-doped tin oxide (FTO) for PEC measurements)
and annealed at 773 K for 1 h. This produced a porous SnO2
nanoparticulate film that was approximately 4 μm thick. Porous silicon
nanoparticle films used in the open cell setup and for transient
absorption spectroscopy were generated using electrophoretic
deposition. A 5 mg/mL solution of nSi in acetonitrile was used for
deposition. Thirty V was applied for 30 s between two FTO electrodes
held 4 mm apart. The films were then dried in a vacuum oven at 363 K
for a minimum of 4 h to improve film integrity.

Electrodes employed in sandwich cells were first treated with a 40
mM aqueous TiCl4 solution (Alfa Aesar, 99%) at 343 K for 30 min,
followed by washing with deionized water and ethanol. The electrodes
were then sintered at 773 K for 1 h to form a protective compact TiO2
layer (c-TiO2). nSi films were cast over the compact layer by doctor-
blading a paste of nSi suspended in tert-butanol (Fisher Scientific) and
deionized water. The paste was adapted from literature methods32 and
consisted of 0.5 mL of solution (2:1 tert-butanol:water) per 100 mg of
nSi powder. The mixture was stirred for at least 24 h prior to
deposition, yielding a relatively viscous solution. Films were
subsequently dried under vacuum as noted above.

A 300 W Xe lamp (Oriel) with an AM 1.5 filter (Newport) was
used as the illumination source. The working sample was placed at the
point where incident power was measured to be 100 mW/cm2 by a
Scientech 365 power meter. Platinum mesh served as the counter
electrode for open cell PEC measurements, while platinum deposited
on FTO was used for sandwich cell measurements. Platinum-on-FTO
counters were prepared by treating FTO electrodes with a 2 mg/mL
solution of H2PtCl6 (Sigma Aldrich, 99.995%) in ethanol and
annealing at 673 K for 20 min. Before all PEC measurements,
electrolyte solutions were degassed for a minimum of 30 min to
remove oxygen from the system. During open cell PEC experiments,
nitrogen was allowed to flow over the sulfuric acid (H2SO4) electrolyte
to prevent oxygen re-entry.

Dimethylferrocenium tetrafluoroborate (Me2FcBF4) was synthe-
sized by dissolving 0.2 g of 1,1′-dimethylferrocene (Alfa Aesar, 97%) in
10 mL of acetone. An equimolar amount of silver tetrafluoroborate
(Alfa Aesar, 99%) was added to the solution. Silver immediately
precipitated out, and the final dark blue solution was filtered, dried,
and resuspended in acetonitrile. Me2FcBF4 was stored in a light-
sensitive bottle under inert atmosphere. The Me2Fc

0/+ electrolyte
consisted of 0.2 M dimethylferrocene, 0.2 M dimethylferrocenium, and
1 M LiClO4 as the supporting electrolyte in acetonitrile.
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Transient absorption measurements were conducted using a Clark-
MXR 2010 (775 nm, fwhm = 130 fs, 1 kHz repetition) laser system
coupled with detection software from Ultrafast Systems (Helios). The
pump-probe beams were incident on the sample (room temperature)
at an angle <10°. The incident power at the sample was measured as
60 mW/cm2. The probe beam was collected with a CCD spectrograph
(Ocean Optics, S2000-UV-vis) providing a 430−750 nm data window.
All optical measurements on films were conducted in an evacuated 5-
mm path length quartz cell.

■ RESULTS AND DISCUSSION
Combustion Synthesis. Synthesis of silicon nanopowder

by a thermite-type combustion method without the addition of
any alkali metal halides has been reported by Yermekova et al.20

In this study, solid sodium chloride was added to the binary
SiO2/Mg exothermic thermite-type reaction to produce nSi.
The NaCl, as a representative of alkali metal halides, is utilized
to control synthesis temperature and to preserve the
nanostructure of the as-synthesized particles by preventing
their sintering in the postcombustion zone. More specifically,
when the salt concentration increases, the combustion
temperature decreases. The molten salt also forms a protective
layer around the particles, hindering a sintering process. At
higher temperatures (i.e., low salt concentration), the mobility
of molten salt is high and the protective effect is not as strong,
which leads to increases in particle size.
The dependence of the adiabatic combustion temperature

(Tad, K) in SiO2+2Mg systems as a function of molar
concentration of NaCl (α) was calculated by the thermody-
namic software package “THERMO”.33 Thermodynamic
estimations (Figure 1) revealed that without the addition of

NaCl the adiabatic combustion temperature of the SiO2+2Mg
system approaches 2200 K, well above the melting points of Mg
(922 K), Si (1683 K), and SiO2 (1923 K). This temperature is
also above the boiling point of Mg (1363 K) but below the
melting point of MgO (3073 K).
It can also be seen that the Tad shows a linear decrease in

concentration in Region I (0 ≤ α ≤ 1) and reaches a plateau in
Region II (1 ≤ α ≤ 1.25), where the adiabatic temperature
corresponds to the melting point of silicon. This is followed by

further temperature decrease in Region III (1.25 ≤ α ≤ 2). At
higher α (Region IV) the temperature is too low for a self-
sustained combustion reaction. It is reasonable to choose
dilution in Region III (1.25 ≤ α ≤ 2), which corresponds to a
moderate combustion temperature range 1284 K ≤ Tad ≤ 1680
K. This is below both the melting point of Si and the boiling
point for sodium chloride (1686 K), but above the mp of NaCl
(1074 K). Indeed, even a short-term exposure to a higher
temperature (T > 1687 K) in the combustion wave may cause
the coarsening of as-synthesized silicon nanostructures by
coalescence of melted Si particles. In practice, all the measured
combustion temperatures are slightly lower than the calculated
values for the investigated system.24,28 In short, this effect can
be explained by heat losses from the reactants to the graphite
crucible and to the gas phase surroundings during the
experiments, which leads to lower combustion temperatures
than those predicted thermodynamically.
Parameters other than the extent of NaCl dilution (α), such

as the pressure of inert gas (argon) in the reactor and the
cooling rate in the postcombustion zone, can also influence the
properties of CS-materials.15 However, in this work the key
factor for producing nSi powders with different surface areas
and oxygen concentrations was the leaching conditions, which
were applied to the powders synthesized under identical
optimized combustion parameters. Of the more than 50
different varieties of nSi produced, three specific sets of
nanopowders abbreviated as Si-1, Si-2, and Si-3 are discussed in
this work. These powders were prepared by chemical
treatments of as-synthesized products in 1.45 M HCl (Si-1),
11.75 M HCl (Si-2), and multiacid (Si-3) solutions.

Microstructure. Typical XRD patterns of initial reactants
(trace a), as-synthesized products (trace b), and as-leached nSi
(trace c) are shown in Figure 2. The initial mixture contains

three crystalline phases (SiO2, Mg, and NaCl). The as-
synthesized product also has three crystalline phases (Si,
MgO, and NaCl). After a hydrometallurgical treatment (i.e.,
acid leaching), only the crystalline silicon phase was detected
(Figure 2, trace c).
Typical SEM images of the initial reactants, as well as Si-1

and Si-2 powders are shown in Figure 3. The initial SiO2 and

Figure 1. Thermodynamic characteristics of the SiO2/Mg adiabatic
combustion temperature (Tad) as a function of NaCl addition (moles)
at PAr = 2 MPa. All values were calculated using THERMO software.

Figure 2. XRD patterns of the initial reactants (a), the as-synthesized
products (b), and the nSi (Si-1) after leaching with HCl (c).
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Mg precursors have a wide micrometer-scale range of particle
size distributions (1−5 μm for the SiO2 and 5−50 μm for the
Mg), while NaCl particles are uniform in size (∼300 μm) and
shape. Note that Si-1 and Si-3 powders possess essentially
identical microstructures, therefore only typical morphologies
for Si-1 and Si-2 samples are compared. Both theses powders
include porous silicon agglomerates in the 1−2 μm range.
However, at a higher magnification, it can be seen that the Si-1
powder primarily consists of particles with an average size of 40
nm, while Si-2 contains smaller particulates with diameters
below 20 nm. Such morphologies and size ranges of individual
particles allow us to classify these powders as porous
nanosilicon.
Table 1 summarizes leaching conditions, BET SSA, and

oxygen concentration data for the three Si powders. It is shown

that leaching in hydrochloric acid of higher concentration leads
to nSi with higher SSA (Si-1: 45 and Si-2: 230 m2/g); however,
the amount of oxygen in the powder also increases (Si-1: 3 and
Si-2: 14 wt %). It is important to note that an additional
treatment in a multiacid solution results in significant reduction
of oxygen (Si-3: 0.2 wt %) with only a slight decrease in powder
SSA (compare Si-1 and Si-3).

TEM bright field and HRTEM electron images and selected
area diffraction patterns (SADP) for the powders are shown in
Figure 4. Statistical analysis reveals that all powders are
composed of two types of particles: (1) nanometric particulates
less than 100 nm in size and (2) relatively large submicrometer
particles with diameters in the range of 200−300 nm. Figures
4A1, 4B1, and 4C1 show HRTEM images of the small silicon
nano particulate surface structures. Figures 4A2, 4B2 and 4C2
show large silicon agglomerate surface structures. The differ-
ences in nSi powders are the relative amount of these two
morphologies, morphology crystallinity, and oxygen concen-
tration.
Figure 4A illustrates a typical low-magnification TEM image

of the Si-1 powder. It can be seen that submicrometer particles
with average diameter of 200 nm are surrounded by smaller
nano particulates with sizes less than 40 nm. Figure 4A1 shows
a typical HRTEM image and SADP pattern of the Si-1 nano
particulates. In addition, one should note that in Figure 4A1
most grains are crystalline, which is confirmed by the
corresponding SADP. Some amorphous areas were also
detected. Statistical EDS analysis of such areas shows that
their average oxygen concentration is ∼23 wt %. The HRTEM
image in Figure 4A2 shows a representative submicrometer
particle in the Si-1 sample. The highly crystalline core is
covered by a thin (<5 nm) amorphous phase. EDS analysis
reveals negligible oxygen content in the particle bulk and >30
wt % in the amorphous layer.
Figure 4B represents a typical low-magnification TEM image

for the Si-2 powder, which was leached in hydrochloric acid
solution of higher concentration. While again both nano and
submicrometer morphologies can be seen, the relative amount
of the nano morphology is higher as compared to sample Si-1.
It is more interesting that HRTEM images as well as SADPs
show that nanoparticulates are essentially amorphous (Figure
4B1), and the amorphous layer on the surface of the

Figure 3. Typical SEM images of initial reactants (top row), the as-leached Si-1 (middle row), and Si-2 (bottom row).

Table 1. BET SSA and Oxygen Concentration for Silicon
Powders Leached under Different Conditions

leach-step 1 leach-step 2

HCl concentration multi-Acid BET chemical analysis

unit M m2/g oxygen (wt %)

Si-1 X 1.45 45 3
Si-2 X 11.75 230 14
Si-3 X 1.45 X 25 0.2
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submicrometer (350 nm) particle (Figure 4B2) is also relatively
large at ∼30 nm. EDS analysis shows oxygen concentrations of
<2 wt % and ∼30 wt % in the bulk of submicrometer particles
and in the area of nano particulates, respectively. The obtained
data reveal that the high surface area (∼230 m2/g) of the Si-2
powder is due to large amounts of highly oxidized nano

particulates. This feature leads to a high average oxygen
concentration (14 wt %) in the powder.
As mentioned above, Si-1 and Si-3 powders are morpholog-

ically similar, and comparison of Figures 4A and 4C confirms
this conclusion. However, HRTEM images also reveal some
subtle differences. It can be seen that almost all nano
particulates are crystalline in the Si-3 sample (Figure 4C1),

Figure 4. Typical TEM images of Si-1 (A), Si-2 (B), and Si-3 (C). Note that the circled areas indicate regions where SADPs were taken. A1, B1, and
C1 show HRTEM images of small silicon nano particulate surface structures. A2, B2, and C2 show large silicon agglomerate surface structures.
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and the thickness of the amorphous oxygen-containing layer on
the surface of the submicrometer particles (Figure 4C2) is
thinner (∼1 nm). Leaching in a multiacid solution results in
dissolution of the amorphous phase which contains relatively
large amounts of oxygen, leading to a more pure (0.2 wt %)
powder, but with slightly lower SSA.
These three different silicon nanopowders that vary widely in

SSA (25−230 m2/g), oxygen concentration (0.2−14 wt %),
and crystallinity were tested for their PEC properties.
Deposition of Si Nanopowders on Optically Trans-

parent Electrodes (OTEs). nSi films were cast on conducting
glass electrodes by electrophoretic deposition (EPD) and by
doctor-blade method for open and sandwich cells, respectively.
EPD utilizes an electric field to drive charged particles
suspended in a suitable solvent to an oppositely charged
electrode. This deposition method generates robust films. It can
be seen in Figures 5A and 5B that the electrophoretically

deposited silicon nanoparticles are generally aggregated on top
of the porous SnO2 network. The nanostructured SnO2 layer
increases the surface area of the electrode, providing a larger
number of sites for collecting charges from the excited nSi film.
nSi absorbs throughout the visible and near-infrared regions
(Figure 5C). The observed absorption onset is seen at 1050
nm, corresponding to a bandgap of approximately 1.18 eV. This
bandgap is close to the bulk bandgap of Si which one expects to
be around 1.12 eV.
Transient Absorption Spectroscopy. Femtosecond

transient absorption spectroscopy is a convenient technique
to probe the photoinduced charge separation in semiconductor
nanostructures. Earlier studies have extensively employed this

technique to investigate the excited state dynamics of metal
chalcogenides and silicon nanowires.14,31,34 Relatively fewer
studies have been conducted to explore the charge separation in
Si nanostructures.14 Time-resolved transient absorption spectra
recorded following 387 nm laser pulse excitation of the
nanostructured Si-1 film are shown in Figure 6A. The bleaching

seen across the entire visible region confirms the disappearance
of the absorption as a result of photoexcitation of Si-1 films
(SSA 45 m2/g; oxygen content ∼3−4 wt %). With increasing
time the bleaching recovers as the electrons and holes undergo
recombination. Thus, the transient bleaching can be used as a
probe to monitor charge separation. The ultrafast recovery seen
within 50 ps indicates fast charge recombination within the Si-1
film.
These transient absorption characteristics parallel the reports

of Wheeler and co-workers14 who synthesized silicon nanowires
by etching a silicon wafer. They too reported a broad bleaching
in the visible region (500 to 770 nm) and a multiexponential
recovery. The lifetime of the bleaching recovery in Figure 6A
was fit with a biexponential decay function composed of a short
(τs) and long component (τl). The fitting parameters are
summarized in Table 2. The short component corresponds to
trapping of photogenerated charges (in the case of the porous
silicon nanoparticles on SiO2) or a convolution of charge
trapping and electron transfer (in the case of porous silicon

Figure 5. (A and B) Cross section of the as-deposited Si-1 film on an
optically transparent FTO electrode. (A) Low magnification image of
layering of Si-1, SnO2, and FTO layers. (B) Magnified image showing
more details of the cross-section. The thickness of the SnO2 layer is
approximately 3 μm while the thickness of the Si-1 layer is
approximately 4.5 μm. Note that the large agglomerates result from
the redeposition of vaporized material during focused ion beam
etching used to generate the cross-section. (C) Diffuse reflectance
(recorded in the absorbance mode) of the silicon film deposited on an
FTO electrode.

Figure 6. (A) Bleaching recovery of Si-1 deposited on an SnO2 layer
with spectra at (a) 1.2 ps, (b) 4.35 ps, (c) 16.35 ps, and (d) 41.35 ps
after the excitation pulse. (B) Absorption-time profile showing the
bleaching recovery (dotted lines) and biexponential fits (solid lines) of
(a) Si-1 on SiO2 and (b) Si-1 on SnO2 recorded at 640 nm. For
transient absorption measurements, films were kept under vacuum in a
closed cell. Excitation power was 60 mW per cm2. The spectrum and
kinetic traces are the average of three separate experimental runs.
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nanoparticles on SnO2). Figure 6B shows kinetic traces of the
bleach decay and the fits for silicon on SiO2 and SnO2. If we
assume that electron transfer is the only additional pathway for
bleaching recovery in the Si-1/SnO2 system, we can calculate an
electron transfer rate based on the biexponential fit of the
kinetic traces using eq 2:35

τ τ
= −k

1 1
T

s,SnO s,SiO2 2 (2)

where τs,SnO2
and τs,SiO2

are the short lifetime components for
the Si-1/SnO2 and Si-1/SiO2 systems, respectively. By this
calculation the electron transfer rate was 7.1 × 109 s−1.
PEC Characterization. If indeed the excitation of nSi is

responsible for charge separation as seen in the transient
absorption spectroscopy measurements, we should be able to
capture these charges for photocurrent generation. To probe
the photoresponse we carried out PEC measurements using nSi
films as photoactive electrodes. Earlier studies have employed
single crystal Si and nanostructured silicon wire based
electrodes for photocurrent generation36 and/or water splitting
reaction.15 The electrolytes employed in these studies include
acidic solutions and redox couples (e.g., ferrocene). Here we
explore the PEC characteristics of nSi in both 0.1 M H2SO4 and

a regenerative dimethylferrocene/dimethylferrocenium redox
couple (Me2Fc

0/+). It is important to note that the PEC cells
utilized in this study operate on the principles of interfacial
charge transfer kinetics which dictate the overall photocurrent
generation. We tested the photoresponse of nSi electrodes (Si-
1 and Si-3, see Table 1 for characteristics) in two separate
experiments to assess their performance in the different
electrolyte solutions.
Figure 7A shows the open circuit photovoltage of Si-1

produced under AM 1.5 conditions in an open cell
configuration with 0.1 M H2SO4 serving as the electrolyte.
The negative photovoltage seen under illumination indicates
that the porous silicon is n-type. This n-type behavior was also
confirmed from the photocurrent measurements (Figure 7B).
Whereas nSi produced reasonable photovoltage response, the
observed photocurrents were too low to make a significant
impact in the PEC investigation. Given the observed n-type
nature of nSi, one should expect improved performance in the
presence of an electron donor system in the electrolyte.
The next set of experiments were carried out using the

Me2Fc
0/+ electrolyte. The Me2Fc

0/+ electrolyte has been used
extensively in high-efficiency liquid junction silicon photo-
voltaic cells and is known to form a favorable contact with
silicon photoanodes.37,38 To optimize the performance of these
cells, we employed a sandwich cell configuration. Studies have
shown that ferrocenium rapidly decomposes to iron(III) oxide
and an organic polymer in the presence of atmospheric
oxygen.39−41 Therefore, oxygen contamination must be strictly
avoided during PEC measurements. This fact, along with the
strong visible absorption of Me2Fc

0/+, motivated the change in
configuration to a sandwich design. It is important to note that
there were issues with the Me2Fc

0/+ electrolyte scavenging

Table 2. Biexponential Fitting Parameters with Their
Uncertainty for the Transient Absorption Kinetic Tracesa

As τs, ps Al τl, ns

Si-1/SiO2 0.92 ± 0.03 25.87 ± 1.13 0.08 ± 0.02 3.26 ± 1.98
Si-1/SnO2 0.64 ± 0.14 21.86 ± 3.30 0.36 ± 0.13 5.52 ± 1.80
aSee Figure 6B. The electron transfer rate was calculated using the
short component of the fit (τs).

Figure 7. (A) Response of open circuit potential to on−off cycles of illumination. (B) Short circuit current response of (a) Si-1/FTO, (b) SnO2/
FTO, and (c) Si-1/SnO2/FTO under AM 1.5 irradiation. (C) Schematic of the open cell two-electrode system with platinum mesh as the counter
electrode and 0.1 M H2SO4 as the electrolyte.
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electrons from the working electrode, which necessitated the
deposition of a protective compact TiO2 (c-TiO2) layer. This
20−30 nm layer prevents short circuiting in the cell by blocking
direct contact between the electrolyte and electrode surface,
and is often used in PEC cells of this nature.42

Figure 8 shows the photocurrent response of both Si-1 and
Si-3 in Me2Fc

0/+ in sandwich cell configurations. Si-1 showed

stable current at 10 μA/cm2. The photocurrent response for Si-
3 was approximately 80 μA/cm2. This is nearly an order of
magnitude higher than photocurrent generated by Si-1 in the
same setup, and 2 orders of magnitude improvement over the
original design with H2SO4 serving as the electrolyte. Because
Si-3 has a thinner oxide shell (oxygen content ∼0.2 wt %) than
Si-1 (oxygen content ∼3−4 wt %), electron transport between
particles is vastly improved, resulting in higher photocurrent
generation. This argument is in agreement with Monte Carlo
simulations which predict an inverse exponential relation
between the oxide thickness separating silicon particles and
electron mobility, with mobility dropping approximately 2
orders of magnitude for every 0.5 nm increase in the oxide
shell.43 The lower surface area of Si-3 also contributed to the
enhancement because of reduced hopping between par-
ticles.44,45

We attribute the overall low level of PEC performance to two
primary issues: (1) the insulating silica shell that encompasses
individual particles or particle agglomerations acting as a barrier
to interparticle electron hopping and (2) the short-lived charge
separation in these Si nanocrystallites which inhibits efficient
capture and transport of photogenerated electrons to the
collecting electrode surface. Proper surface modifications,
similar to those performed by Stutzmann et al.,46 as well as
particle doping are crucial to overcome these barriers and
achieve significant enhancement in the photoactivity of these
films.

■ CONCLUSION
Combustion synthesis of silicon nanopowder produces a highly
crystalline photoactive material. Electron injection from Si-1 to
SnO2 was observed to occur on a picosecond time scale at a
rate of 7.1 × 109 s−1. PEC experiments revealed an n-type
semiconductor response and measurable photoactivity under
AM 1.5 illumination. The major barriers that must be overcome
to improve PEC performance are the inherent silica shell that
surrounds each Si nanoparticle and the fast charge recombina-
tion within the intrinsic particles as well as at particle interfaces.
Modified syntheses are being developed to dope the silicon
with both p- and n-type dopants, which should improve
collection of photogenerated charge carriers within the film.
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