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Abstract: A robust and reliable method for improving the
photocatalytic performance of InP, which is one of the
best known materials for solar photoconversion (i.e., solar
cells). In this article, we report substantial improvements
(up to 18x) in the photocatalytic yields for CO, reduction
to CO through the surface passivation of InP with TiO, de-
posited by atomic layer deposition (ALD). Here, the main
mechanisms of enhancement are the introduction of cata-
lytically active sites and the formation of a pn-junction.
Photoelectrochemical reactions were carried out in a nona-
queous solution consisting of ionic liquid, 1-ethyl-3-meth-
ylimidazolium tetrafluoroborate ([EMIM]BF,), dissolved in
acetonitrile, which enables CO, reduction with a Faradaic
efficiency of 99% at an underpotential of +0.78 V. While
the photocatalytic yield increases with the addition of the
TiO, layer, a corresponding drop in the photolumines-
cence intensity indicates the presence of catalytically
active sites, which cause an increase in the electron-hole
pair recombination rate. NMR spectra show that the
[EMIM]™ ions in solution form an intermediate complex
with CO,~, thus lowering the energy barrier of this reac-

tion.

- /

Photocatalytic reduction of CO, is an exciting reaction system
with the ability to convert an abundant greenhouse gas to
combustible hydrocarbon fuels using sunlight.! The direct
conversion of solar energy into chemical bonds that can later
be released in a carbon neutral cycle has several advantages
over solar-to-electric energy conversion, most notably, the abil-
ity to store large amounts of energy (~GW).”! CO, is recog-
nized as a naturally abundant and inexpensive carbon source
for the production of organic fuels.”’ The two electron reduc-
tion of CO, to CO (i.e., CO,+2e +2H*—CO+H,0) is an im-
portant reaction, since CO can react with water to generate hy-
drogen gas, and this CO/H, mixture (syngas) can subsequently
be used to produce synthetic petroleum using the Fischer—
Tropsch process.” Many attempts have been made to reduce
CO, by 2e™ processes to various species such as CO and formic
acid, as reported in previous literature."***! The most likely
first step in these multi-electron reactions is the one-electron
reduction to the CO,” intermediate,® which lies 1.7 eV above
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the conduction band of TiO, and 1.6 eV above InP, as first pro-
posed by Bockris et al.”? Since then, others have also attributed
the high overpotentials required to drive this reaction to the
formation of the CO, intermediate.”“*® Recently, some re-
searchers have attempted to reduce CO, into CO in ionic lig-
uids (ILs).”’ In an aqueous system, Rosen et al. reported an ef-
fective electrocatalytic system that reduces CO, to CO using an
ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate
(IEMIM]BF,) to lower the energy of the CO,™ intermediate.!'” In
a non-aqueous solution, Sun et al. used a similar ionic liquid 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[EMIM][Tf,N] dissolved in acetonitrile for the electrochemical
reduction of CO,, which resulted in a 0.18 V reduction in the
overpotential required to drive this reaction."” Also, Rosen-
thal’s group reported a Bi-based electrocatalyst demonstrating
highly selective conversion of CO, to CO with a 0.195V over-
potential."? Metal co-catalysts, such as Pt are known to play
an important role in the semiconductor-based photocatalytic
systems."¥ Xie's group reported a Pt-promoted TiO, photocata-
lyst under UV illumination with enhanced selectivity for CO, re-
duction."

Recently, we have observed the photoreduction of CO, to
methanol in an aqueous solution on bare GaP and TiO,-passi-
vated GaP” In addition to providing a stable photocatalytic
surface, the TiO,-passivation layer improves the photocatalytic
efficiency and lowers the overpotential required to drive this
reaction.”"™ However, GaP’s indirect band gap results in a par-
ticularly low absorption coefficient, which is disadvantageous
for photocatalysis and results in a low overall photoconversion
efficiency. Also, a particularly low Faradaic efficiency was ob-
served due to the formation of H,. InP, on the other hand, is
a direct band gap semiconductor and an excellent candidate
for solar photocatalysis. The record high solar-to-hydrogen effi-
ciency of 13.3% was demonstrated in 1982 by using a system
that employed p-type InP photocathodes covered with Pt cata-
lysts."® More recently, Lee et al. reported 14% efficient water
splitting using InP nanopillars with a Ru catalyst.'””” However,
photocatalytic reduction of CO, on InP has not been reported
with high efficiency.

In the work presented here, we investigate CO, reduction to
CO by illuminating TiO,-passivated InP with and without Pt
nanoparticles in a nonaqueous ionic liquid solution. We investi-
gate the role that ionic liquid [EMIM]BF, plays as a homogene-
ous catalyst for CO,. The effects of the TiO, are explored by
studying the photocurrent vs. reference potential characteris-
tics systematically as a function of TiO, layer thickness. To our
knowledge, this is the first report of photoelectrochemical re-
duction of CO, to CO by using a lll-V compound semiconduc-
tor photocatalyst in an ionic liquid solution. The high Faradaic
efficiencies achieved at substantial underpotential demonstrat-
ed the ability to drive CO, reduction efficiently using visible
light.

Figure 1 shows the photocurrent-voltage curves for InP pas-
sivated with various thicknesses of TiO, measured in an AcN
electrolyte with 0.02m [EMIMIBF, under 532 nm illumination.
At any given voltage, the TiO,-passivated InP samples have
a higher photocurrent than the bare InP (black curve). Under
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Figure 1. Photocatalytic current-potential curves of InP photocatalysts with
different TiO, thicknesses in a 0.02 M [EMIMIBF, nonaqueous electrolyte,
under 532 nm wavelength illumination.

an applied voltage of —1.37 V vs. NHE, we can see a clear im-
provement in the photocurrent of samples with TiO, passiva-
tion. From this data, we find that 3 nm thick TiO, produces the
best conditions for photocatalysis. The trong dependence on
TiO, thickness indicates there is a tradeoff between the bene-
fits of the TiO, layer and its insulating nature, which eventually
outweighs its benefits in thicker TiO, films (20 nm curve).
Figure 1 also shows the current-
potential characteristics of 3 nm
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tocurrent. However, the photocatalytic performance does not
depend strongly on the TiO, thickness with the Pt co-catalyst.
Figure 2b shows a comparison of the 1 nm TiO,-passivated InP
photocatalysts with and without Pt nanoparticles from
Figure 1 and 2a, respectively. Here, the Pt co-catalyst increases
the photocurrent by more than 25-fold at 0V vs. NHE. There
appears to be a synergistic effect between TiO, and Pt perhaps
by the introduction of new active sites at the tri-phase boun-
dary between the TiO,, Pt, and electrolyte. The Pt co-catalyst
provides enhancement in the photocatalytic reduction of CO,
by extracting electrons from the semiconductor (TiO,/InP), thus
decreasing the probability of recombination with photogener-
ated holes, and enhancing charge transfer and surface binding
of reactants in solution.™”

Photoluminescence (PL) spectroscopy gives a relative mea-
sure of the nonradiative recombination in a material. Figure 3
shows the PL spectra of InP with various thicknesses of TiO,
and with/without Pt nanoparticles (for each type of sample
measured, several photoluminescence spectra were taken from
different regions of the sample. These spectra were consistent
within < 1% variation). Here, the TiO, film reduces the PL in-
tensity of InP by a factor of 2.5 (Figure 3a), and the Pt nanopar-
ticles further reduce this by an additional factor of 2 (Fig-
ure 3b). This is likely due to the high density of surface states
in the TiO,, which act as nonradiative recombination centers,
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Figure 2. a) Photocatalytic current-potential curves of InP photocatalysts with Pt nanoparticles with various thick-
nesses of TiO, in a 0.02 M [EMIM]BF, non-aqueous electrolyte under 532 nm wavelength laser illumination. b) Pho-
tocurrent-potential curves of 1 nm TiO,-passivated InP compared to 1 nm TiO,-passivated InP with Pt nanoparti-
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Figure 3. Photoluminescence spectra of a) InP passivated with various thickness of TiO,. b) Pt nanoparticles depos-
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thus lowering the PL efficiency. So, contrary to what one might
expect, the best photocatalyst has the lowest PL efficiency and
vice versa. From this data, it is apparent that the TiO, films and
their surface states cause strong electron-hole recombination;
however, the benefit that they provide by lowering the poten-
tial barriers of the reaction and promoting charge transfer out-
weighs their detriment associated with charge recombination.

The role of the active surface states can be further con-
firmed by running the same reaction in LiClO, electrolyte, as
shown previously by Ramesha et al."” Here, the small Li* cat-
ions bind strongly to the charged surface states essentially poi-
soning these sites, making them catalytically inactive.”® Fig-
ure S1 of the Supporting Information shows the photo-/-V
curves taken with and without the LiClIO, electrolyte. From this
data, it is clear that the CO, reduction reaction is blocked by
the presence of the Li* ions, which demonstrates the impor-
tance of the catalytically active surface states, as previously
shown by Ramesha etal?" As a comparison, the photo-/-V
characteristics were obtained using EMIM* solution with N,
gas instead of CO,, as shown in Figure S1 (Supporting Informa-
tion). The results obtained with CO, in the Li™ solution closely
resemble those taken with N,, in which no photoreduction of
CO, is possible. By contrast, when running the reaction with-
out Li* ions in ionic liquid solution, the surface sites remain
active and can catalyze the reduction of CO,. Here, the
[EMIM]* ions in the ionic liquid solution do not have the same
poisoning effect since this is a larger molecule, unable to pro-
vide sufficient Coulombic screening of these active surface
states.

The nonaqueous ionic liquid electrolyte is important for sup-
pressing hydrogen evolution (i.e., water splitting), which has
a much lower energy barrier. When illuminated, TiO,-passivated
InP produces CO as quantified by gas chromatography de-
scribed in the Experimental Section below. Of all the samples
without Pt nanoparticles measured in this study, the 3 nm
TiO,-passivated InP sample exhibits the highest CO Faradaic ef-
ficiency of 89% at —1.57 V (vs. NHE). This corresponds to an
overpotential of just 0.02V compared to the standard redox
potential £°(CO,/CO)=—1.55V (vs. NHE) in IL/AcN (see the cal-
culation in the Supporting Information). The results of the gas
analysis were consistent with the photo-/-V data, which also
showed the 3 nm TiO,-passivated sample to have the highest
performance. We also observe CO, reduction at underpoten-
tials of 0.18 and 0.68 V with Faradaic efficiencies of 50 and
39%, respectively, as listed in Table 1. For the samples with Pt
co-catalyst, 1 nm TiO,-passivated InP gives the best per-
formance with 99% Faradaic efficiency at an underpotential of
0.78V (—0.77 V vs. NHE), as listed in Table 1. Table S1 in the
Supporting Information lists the Faradaic efficiencies of CO for
various thicknesses of TiO,-passivated InP in 0.02m [EMIMIBF,
ionic liquid electrolyte taken after 4 h of illumination with
532 nm wavelength light at an underpotential of 0.18 V.

Figure 4a shows the "H NMR spectrum of the reaction prod-
ucts after 4 h illumination of 3 nm TiO,-passivated InP in
[EMIM]BF,, Figure 4b shows the 'H NMR spectrum of pure
[EMIM]BF,. In Figure 4a, the main resonance lines in the spec-
trum correspond to the protons of the pure IL. The [EMIMIBF,
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Table 1. Photocatalytic conversion of CO, to CO on 3 nm TiO,-passivated
InP and 1 nm TiO,-passivated InP with Pt nanoparticles in 0.02m
[EMIM]BF, in AcN electrolyte under 532 nm wavelength laser illumination.
Underpotential [V]*

Applied voltage [V]® CO Faradaic efficiency (%)

3 nm TiO, InP

—1.57 —0.02 89+5
—-1.37 +0.18 50+8
—-0.87 +0.68 39+10

1 nm TiO, InP with Pt nanoparticles
—-1.37 +0.18 98+3
—-1.17 +0.38 97+6
—-0.97 +0.58 98+4
-0.77 +0.78 99+3

[a] Applied potentials here are referenced vs. NHE. [b] Underpotentials
are given with respect to the standard redox potential of E°=—1.55V (vs.
NHE) in the ionic liquid solution.
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Figure 4. a) "H NMR spectrum (in DMSO, reference to TMS) of 0.02 m
[EMIM]BF, electrolyte solution after 4 h of CO, reduction. b) 'H NMR spec-
trum of pure [EMIM]BF,. c) Schematic representation of the intermediate
complex that is formed between the [EMIM] ion and the CO,".

ionic liquid was chosen for these experiments since CO, is
known to form weak complexes with BF, anions, as compared
with other ionic liquids. As reported by Rosen et al., the inter-
mediate complex formed can be expressed as EMIM-CO,*---BF,,
in which the intermediate EMIM-CO,* is bonded weakly with
BF,” ions. Ideally, this CO,* complex is bound strongly enough
to facilitate CO, reduction, but not too strongly as to render
the CO,* unreactive."” The formation of the bound EMIM-CO,*
intermediate compound, as previously established by Rosen
and Sun, is evidenced by the low intensity set of peaks in the

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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NMR spectrum of Figure 4a, which are labeled with prime sym-
bols (e.g., 4, 5)."" No resonant H peaks appear on C,, which
indicates that the CO, molecule is binding to the C, of the imi-
dazolium ring to form the intermediate species, as illustrated
in Figure 4c.

As a control experiment, we compared photocatalysis per-
formed in the 0.02m [EMIM]BF, in AcN electrolyte with that
performed in a CO, saturated 0.5wm KCl (pH 7) aqueous electro-
lyte at —1.37 V (vs. NHE) under 532 nm irradiation. Here, we
found that only hydrogen was produced in the aqueous solu-
tion, further establishing the importance of the non-aqueous
electrolyte for CO, reduction reactions. Also, we ran the experi-
ment at —1.37 V (vs. NHE) on 3 nm TiO,-passivated InP without
light irradiation and detected no CO. In order to rule out other
possible sources of carbon in this reaction, we repeated the ex-
periment by bubbling argon as the control gas instead of CO,,
and observed no CO, reduction products. We also ran the ex-
periment using isotopically labeled *CO, and observed “CO
(molecular weight 29), as shown in Figure S2 in the Supporting
Information, verifying that CO, is indeed the main carbon
source in this reaction. Figure S3 in the Supporting Information
plots the Faradaic efficiencies of the CO and carboxylate prod-
ucts as a function of [EMIM]BF, concentration in an AcN elec-
trolyte under 532 nm wavelength illumination. From this data,
it is clear that the molarity has little effect on the Faradaic effi-
ciency of the products, and 0.02 m is sufficient to run the reac-
tion.

These photocatalysts represent complex photoelectrochemi-
cal systems, and it is difficult to separate the physical (e.g.,
photovoltaic) and chemical (e.g., surface intermediates) pro-
cesses in the overall efficiency. The main advantages of this
system, compared to bulk TiO,, are physical in nature. Namely,
the band gap of InP is close to the optimum band gap derived
in the Shockley-Queisser limit for solar utilization. Also, InP’s
carrier transport and lifetimes far exceed those of TiO,. One
nontrivial aspect of these photocatalysts is the low resistance
Ohmic contact formatted on the back of the InP wafer, without
which efficiencies would be considerably lower. On the chemi-
cal side, overpotential losses are reduced by the introduction
of catalytically active sites and the formation of intermediate
complexes.

In conclusion, we report photocatalytic CO, reduction to CO
at high underpotentials on TiO,-passivated InP with a Pt co-
catalyst in a non-aqueous [EMIM]BF, ionic liquid electrolyte.
The nonaqueous solution prohibits hydrogen formation and
enables CO, reduction with a Faradaic efficiency of 99% at an
underpotential of 0.78 V. The TiO, passivation layer provides
enhancement in the photoconversion efficiency through the
formation of a charge separating pn-region and active surface
states, which reduces carrier recombination and lowers the ex-
ternal potential required to initiate this reaction. The TiO, layer
reduces the photoluminescence intensity indicating that these
active surface states cause electron-hole recombination; how-
ever, the benefits of the TiO, film outweigh its detriment asso-
ciated with charge recombination. The Pt co-catalyst provides
substantial enhancement in the Faradaic efficiency of this reac-
tion system. NMR spectroscopy shows the formation of an in-
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termediate complex [EMIM-CO,]*, which further lowers the
energy of the reaction pathway.

Experimental Section
General

The non-aqueous solution was prepared using acetonitrile (AcN,
99.99%), DMSO (99.96% D, Sigma Aldrich), and [EMIM]BF, (99.0%,
HPLC, Sigma Aldrich). An anion exchange membrane (Selemion
AMV, Anion Exchange Membrane, AGC) was used to separate the
working and counter electrodes to prevent the oxidation of re-
duced CO, products. This anion exchange membrane only allows
negative ions to transfer through the membrane, which prevents
the oxylate intermediate from participating in the oxygen evolu-
tion half-reaction at the counter electrode. p-type (100)-oriented
InP with a Zn dopant concentration of 5x10"7 cm™ was used as
the photocatalyst for CO, reduction with an active area of 0.5 cmXx
1 cm. ALD of anatase TiO, was performed at 250°C on the p-GaP
wafers with TiCl, as the titanium source and water vapor as the
oxygen source. Using ellipsometry, we established that 100 cycles
of ALD produces a 4 nm-thick TiO, film and 1000 cycles produces
a 40 nm film. Pt nanoparticles were deposited by electron beam
evaporation with a nominal thickness of 0.8 nm. This is not thick
enough to form a continuous film, and instead forms small islands
or nanoparticles of Pt. XPS, plotted in Figure S6 of the Supporting
Information, shows the presence of Ti*" states, which are known
to serve as catalytically active sites. The TEM image in Figure S7
(Supporting Information) shows that the TiO, films deposited on
InP are amorphous in nature. A Zn—Au film was evaporated on the
back of the p-InP to form an Ohmic contact. The Zn—Au contact
was then connected to the external circuitry with a copper wire
and coated with epoxy cement to insulate it from the electrolytic
solution, as shown in Figure 5b.

A three-terminal potentiostat was used with the prepared semi-
conductor samples as the working electrode, a Ag/AgNO; refer-
ence electrode, and a Pt wire as the counter electrode, as shown
in Figure 5a. The Ag/AgNO; electrode was made of a silver wire im-
mersed in 0.01m silver nitrate dissolved in 0.1m TEAP/AcN. Also,
the reference electrode was calibrated against a ferrocene/ferroce-
nium (Fc*/Fc) redox couple to confirm that it gave the right po-
tential with respect to NHE. Figure S5 (Supporting Information)
shows this calibration curve. The potential applied between the
reference and working electrodes was maintained by the potentio-
stat (Gamry, Inc.). Before each measurement, CO, was purged
through the solution on the working electrode side of the electro-
chemical cell for 30 min to ensure a CO, saturated solution. In this
setup, we analyzed the products evolving at the working elec-
trode, instead of at the counter electrode. It is likely that oxygen is
produced at the counter electrode in the reaction 40H +4e*—
0O, +2H,0. The gaseous products from the CO, reduction reaction
were analyzed with a gas chromatograph (GC) (Bruker GC-450)
equipped with a thermal conductivity detector (TCD) and
a carbon-plot column (Agilent). A standard calibration curve was
developed to quantify the CO yields from the photocatalytic surfa-
ces, as shown in Figure S4 (Supporting Information). NMR spectros-
copy was performed using a Varian spectrometer operating at
600 MHz. The samples were dried on a rotary evaporator at 40°C
under vacuum and then dissolved in DMSO. We observed only the
CO product on the cathode side.
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Efficiency and selectivity: Substantial counter Eecods. Working Elecade A1 I Solar Cells
improvements (up to 18x) in the pho- =T
tocatalytic yields for CO, reduction to 4}““‘"“5'“""“'—
CO through the surface passivation of

InP with TiO, deposited by atomic layer P
deposition (ALD) is reported. Photoelec-
trochemical reactions were carried out
in a nonaqueous solution consisting of CO, to CO through TiO, Passivation of
ionic liquid 1-ethyl-3-methylimidazolium InP in lonic Liquids

tetrafluoroborate ([EMIM]BF,) dissolved

in acetonitrile (see figure).

G. Zeng, J. Qiu, B. Hou, H. Shi, Y. Lin,
M. Hettick, A. Javey, S. B. Cronin*

Membrane . 7

Enhanced Photocatalytic Reduction of

Green Chemistry

Photocatalytic reduction of CO, is an exciting reaction
system with the ability to convert an abundant greenhouse
gas to combustible hydrocarbon fuels using sunlight. In
their Communication on page Il M ff., S. Cronin et al.
describe a robust and reliable method for improving the
photocatalytic performance of InP, which is one of the best
known materials for solar photoconversion. Substantial
improvements (up to 18x) in the photocatalytic yields for
CO, reduction to CO through the surface passivation of InP
with TiO, deposited by atomic layer deposition (ALD) are
reported.
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