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Abstract: Photo-induced charge separation in TiO, and Cu,O semiconductor
nanoparticles was examined using electron paramagnetic resonance spectros-
copy in order to obtain insight into the photocatalytic reduction of CO, in non-
aqueous media. For dissolution/grafting of CO,, carboxy-PEG4-amine was
used with poly(ethylene glycol) 200 as the solvent. It was found that the
reduction of CO, in this system starts at a potential of —0.5 V vs. Ag/AgCl,
which is significantly more positive than the potential for electrochemical
reduction of CO, in most organic solvents and water (2.0 V vs. Ag/AgCl).
The electron transfer from excited nanoparticles to CO, is governed by both
thermodynamic and kinetic parameters, namely by the redox potential of
conduction band electrons and adsorption/binding of CO, on the surface of the
nanoparticles.

Keywords: carbon dioxide reduction, photocatalysis, titanium dioxide, cuprous
oxide.

INTRODUCTION

Carbon dioxide produced by consuming fossil fuels is regarded as the most
significant source of greenhouse gases.! Reducing the accumulation of CO, in
the atmosphere is one of the current major scientific and social challenges.
Although the chemical industry currently uses CO as an inexpensive, non-flam-
mable and non-toxic C; resource, the processes are conducted at relatively high
pressures, at elevated temperatures and in the presence of catalysts.2~0 Thus,
there is a need for the development of facile and inexpensive methods to convert
CO; to usable materials under mild conditions (temperature and pressure). Using
solar light as an energy source and inexpensive semiconductor nanoparticles as
photocatalysts is a promising approach for the photochemical transformation of
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CO» into fuels: CO, CHy, and CH30H. Each of these fuels could be burned to
produce CO; and then regenerated by photochemical reduction. Alternatively,
CO could be used as a starting material in the water gas shift reaction to generate
hydrogen from water. In all these cases, energy would be produced in a CO;
neutral fashion avoiding a net production of CO;. While most semiconductor-
assisted photocatalytic reductions of CO, were realized in aqueous solution,’-10
the yields were relatively low not only because of the low solubility of carbon
dioxide in water, but also because adsorbed/dissociated water on the surface of
nanoparticles competes with adsorbed CO, for the photogenerated electrons.!!
Different strategies in improving CO» sequestration are currently being pursued.
Several groups!2-14 have developed reversible CO, capture utilizing a strong nit-
rogen-containing base in conjunction with a proton donor. Meanwhile, amido-
phosphoranes were also proved to be capable of capturing one equivalent of CO»
through the insertion of CO; into a P-N bond, resulting in the generation of car-
bamatophosphoranes.!5 Very recently, Brennecke and co-workers!® designed an
ionic liquid (IL) comprising an amino-functionalized anion and a long-chain
alkyl phosphonium cation to capture CO,, while Liul7 et al. employed poly-
(ethylene glycol) (PEG) solution with amino acid salts. In both cases almost
equimolar absorption of CO» (1 mol CO; per mol of IL, or per mol of amino acid
in PEG) was obtained.

In this work, the non-aqueous solvent PEG 200 was combined with short-
chain amine group salts to increase CO» dissolution, and semiconductor nanopar-
ticles were employed to initiate light-induced CO; reduction. For these studies,
electron paramagnetic resonance (EPR) spectroscopy was used as a tool for exa-
mining the initial photo-induced charge separation and transfer in the presence of
dissolved/grafted CO».

EXPERIMENTAL
Materials

All chemicals were of analytical grade and used as received, without further purification.
Poly(ethylene glycol) 200 was purchased from J. T. Baker, carboxy-PEG,-amine, C;;H,30¢4N,
abbreviated in the text as CA(PEG),, from Thermo Scientific, tetra(n-butyl)ammonium
hexafluorophosphate, BuysNPF4, from Aldrich, anatase nanoparticles (d = 20 nm) from
SkySpring, and Cu,O colloidal nanoparticle (d = 30 nm) solution in ethanol from Aldrich.
Research-grade carbon dioxide, 99.999 % (Airgas), was passed consecutively through two
hydrocarbon traps (Supelco) to remove even trace amounts of impurities.

Instrumentation

X-Band continuous wave EPR experiments were conducted on a Bruker Elexsys E580
spectrometer equipped with an Oxford CF935 helium flow cryostat with an ITC-5025
temperature controller. The EPR spectra of the photogenerated charges were recorded at
cryogenic temperatures from 4.5 to 77 K. The g factors were calibrated for homogeneity and
accuracy by comparison with a coal standard, g = 2.00285+0.00005. Simulations were
performed using Bruker SimFonia, version 1.25. Samples in the EPR cavity were illuminated
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using a 300-W Xe lamp (ILC) with water as the cut-off IR filter. Cyclic voltammetry
measurements were performed with a three-component system containing a glassy carbon
working electrode, Pt as the counter electrode, and Ag/AgCl as the reference electrode, using
a BAS-100B/W (Bioanalytical Systems, USA) workstation with a single compartment closed
quartz cell. Absorption spectra were recorded on a Shimadzu UV-1601 spectrophotometer.

RESULTS AND DISCUSSION

Electrocatalytic reduction of CO; in non-aqueous media has recently gathered
increased interest,!8 while semiconductor-assisted photocatalytic reduction is
mainly focused on metal oxides in aqueous media. In photocatalytic processes,
semiconductor metal oxide nanoparticles are used as light-harvesting materials.
Nanocrystalline semiconductors are capable of coupling single photon events to
the accumulation of multiple redox equivalents (photogenerated electrons) that
participate in catalytic reduction of COj. The semiconductors CuyO (p-type),
because of its favorable electronic properties for CO, reduction, Fig. 1, and TiO»,
because of its proven ability to convert carbon dioxide to methane in the presence
of proton donors,’~11 were chosen as photocatalysts of interest. The low yield of
methane production in aqueous solutions is due to the competition of water and
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carbon dioxide for the photogenerated electrons combined with the low solubility
of carbon dioxide in water. Thus, the highest yields were achieved using a
COy/water vapor (2:1) combination.!! The redox potentials of CO, reduction pro-
ducts in aqueous solution are also indicated in Fig. la. In the absence of proton
donors (as in non-aqueous solvents), the major product is carbon monoxide.

In order to increase the solubility of CO,, 10 mM carboxy-PEGg-amine,
CA(PEG)4 in PEG 200 solvent was used. The choice of CA(PEG)4 was based on
its high solubility in PEG 200 and because the amine group can effectively graft
CO,. It was shown previously that amino and amine groups capture CO» via the
sequestration formation of the carbamic acid or carbamate pathways in a high
yield.17 In order to gain insight into the photocatalytic reduction of CO in non-
aqueous media, photo-induced charge formation, separation and transfer in
semiconductor nanoparticles were examined in CA(PEG)4/PEG 200 solution
saturated with Ny or CO».

CO; in non-aqueous amine solution

The ability of CA(PEG)4 dissolved in PEG 200 to sequester CO, efficiently
was demonstrated using cyclic voltammetry. The voltammograms of the solu-
tions saturated with Np and CO, are presented in Fig. 2a, from which it can be
seen that the reversible one-electron redox process of CA(PEG)4 with Eqp =
=—-0.84 V vs. Ag/AgCl occurred in the absence of CO,. At the same time, when
solution was bubbled with CO,, a quasi-reversible electron transfer occurred.
Moreover, the reduction of amine-grafted CO, starts at a potential of —0.5 V,
while the electrochemical reduction of CO; occurs at rather negative potentials
(more negative than —2 V) at low temperatures in most organic solvents. In the
absence of CA(PEG)y, no significant changes in the voltammograms of PEG 200
with and without CO, could be observed, Fig. 2b, showing that CO, does not
dissolve in PEG 200 very efficiently, and confirming that the -NH, group is
essential for the dissolving/grafting of CO».

Not only the increased solubility, but also the measured relatively positive
potential for CO; reduction in this system made it the medium of choice for
further studies and possible applications.

Light-induced charge transfer

The photo-excitation of TiO; (anatase) with energies greater than its band
gap (3.2 eV) results in the formation of conduction band electrons and valence
band holes (charge carriers):

TiOy — 5 (e~ +h*)TiO, (1)

EPR spectroscopy has been widely used to examine paramagnetic species in
illuminated titania, starting with the seminal work of Howe and Gratzel.!9 At cryo-
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Fig. 2. Cyclic voltammograms of a) PEG 200 solutions containing 10 mM carboxy-PEGy-
-amine, CA(PEG)y, and 20 vol. % acetonitrile, saturated with N, and CO,; b) solutions
without CA(PEG)4 measured as a control under the same conditions. All solutions contain 5
mM BuyNPFg as a redox relay. Glassy carbon as working, Pt as auxiliary and Ag/AgCl as
reference electrodes were used. Scan rate 20 mV s7!.

genic temperatures, photogenerated charge carriers localize in the interior of
TiO, nanoparticles or migrate to the surface where they localize at surface trap
sites. The signals associated with the trapped electrons are those due to lattice
(Ti3M)jag, sharp signal at g = 1.990 and g| = 1.961, and surface (Ti3)gurt cen-
ters, broad signal with g = 1.924, Fig. 3a. The observed signals are characteristic
of the electron in the Ti 3d orbital of the anatase lattice and surface.20
Simultaneously, no signal due to the oxygen-centered radical, (Ti*TO")gys, i.e.
holes, was observed. The observed signal with g =2.001 is due to the reaction of
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photogenerated holes with carboxy-PEGs-amine. The 6-line spectrum with the
intensity ratios of 1:2:3:3:2:1 presented in Fig. 3b corresponds to CH3CH,’
radicals,?! and is the result of C-O bond scission.22 The efficient scavenging of
holes by carboxy-PEGg-amine is facilitated by the strong binding of carboxyl
groups on Ti0; 23
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Fig. 3. EPR Spectra of TiO, in a solution of 10 mM carboxy-PEG,4-amine in PEG 200
measured under UV illumination at a) 5 K, power, 2 mW, modulation amplitude, 0.5 mT and
b) 60 K, power, 0.2 mW, modulation amplitude, 0.3 mT. The gray line presents the simulated

spectrum. The conditions of EPR measurements were adjusted to better resolve the signal
from the CH;3CH,- radical.
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By increasing the temperature from 5 to 77 K, the electrons from the interior
of the TiO, nanoparticle had enough energy to detrap and move to the surface
where they localize at mid-gap states. The decrease of the signal for lattice-
trapped and the increase of the signal that corresponds to the surface-trapped
electrons, can be seen for a solution saturated with N», Fig. 4a.

Fig. 4. EPR Spectra measured in the dark (at 5 K) after illumination at 5 and 77 K of a PEG
200 solution containing 10 mM carboxy-PEG,-amine, CA(PEG),, and TiO, saturated with
a) N, and b) CO,. Power, 2 mW, modulation amplitude, 0.5 mT.

On the other hand, dissolved CO; acts as an electron acceptor, Eq. (2). The
R-CO; in equations represents grafted CO,, most probably carbamate:17
e (TiOy)+R-CO7 - R -CO; 2)

It was found that at the elevated temperature of 77 K, detrapped lattice elec-
trons do not localize on the surface, rather they react with CO,, Fig. 4b. Con-
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sequently, no increase in the signal due to the surface-trapped electrons that were
present at 5 K accompanies the decrease in the signal of the lattice-trapped elec-
tron. This means that 7) the energy of mid-gap surface trapped electrons is below
the redox potential for CO; reduction and ii) only conduction band electrons can
react with COj. Although the driving force for CO; reduction with TiO, con-
duction band electrons is not high (Fig. 1), the efficient scavenging of photo-
generated holes by CA(PEG)4 enables a relatively high yield of the reduction
reaction.

The conduction band electrons of cuprous oxide (CuyO) have a more nega-
tive potential than those of TiOj; thus, the thermodynamic parameters favor
reduction of CO,. However, Cu' is a non-paramagnetic ion and light-induced
charge separation and transfer cannot be detected by EPR directly. As the Cuy;O
nanoparticles used in this study did not have a protective ligand on their surface,
a slow oxidation of bare nanoparticles occurred in air, resulting in the formation
of thin layer of copper oxide (CuO) on the surface. This was confirmed by EPR
spectra measured in the dark before illumination, Fig. 5. The spectra show hyper-
fine structure that is characteristic of Cu2* (I = 3/2). In both cases (N, vs. CO,
saturated solutions), the values of g and g satisfy the relation g > g, > ge =
= 2.0023 (g, represents the g-tensor of free electron), indicating that the Cu2*
were coordinated by six ligand atoms in an axially distorted octahedron, that is
characteristic of copper ions in CuO. However, the values for parallel and normal
component differ, g = 2.256 and g, = 2.036 for N, and g = 2.276 and g| = 2.038
for CO,, which suggests that CO, adsorbs/binds strongly to the surface of CuO,

Fig. 5. EPR Spectra measured at 5 K in the dark of Cu,O/CuO in PEG solution containing
10 mM carboxy-PEG,-amine, CA(PEG),, saturated with N, or CO,.
Power, 2 m; modulation amplitude, 1 mT.
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not only to carboxy-PEGy-amine, affecting the hyperfine structure of surface
Cu2*. The binding of CO; onto CupO/CuO was previously observed in aqueous
solutions.24

Under illumination with visible light (1 > 400 nm), an increase in the
concentration of Cu2" was observed in the presence of CO,, Fig. 6, due to
electron transfer:

Cur0—""5 (™ +h*)Cu,r0 5
(e )Cur0+R —CO, - CutOCu?** +R -~ CO3;

In the absence of CO,, no change in the signal associated with Cu2* was
observed (Fig. 6a) because of the fast recombination of the photogenerated
electrons and holes. The redox potential of valence band holes of Cu,O is not

a)
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— ill. (x > 400 nm)

I I I I I 1
310 320 330 340 350 360
B/mT

Fig. 6. EPR Spectra measured at 5 K in the dark and under illumination of Cu,O/CuO in PEG
solution containing 10 mM carboxy-PEG,-amine, CA(PEG),, saturated with a) N, and b)
CO,. The magnetic field was centered on the normal component of the Cu?" signal.
Power, 2 mW; modulation amplitude, 1 mT.
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positive enough to allow oxidation of carboxy-PEGy-amine as no signals of orga-
nic radicals were observed in this system; thus, recombination of the charges was
the favorable process. Therefore, the electron transfer from excited Cu,O to CO;
at the extremely low temperature of 5 K was due to the combined effects of the
favorable redox potential of CuyO conduction band electrons and strong adsorp-
tion/binding of CO, on the nanoparticles.

CONCLUSION

Carboxy-PEGg-amine, C11H»30¢N, when dissolved in poly(ethylene glycol)
200 efficiently sequesters CO;. The grafting of CO, not only increases its solub-
ility but enables reduction of CO; at a significantly more positive potential than
the electrochemical reduction of CO; in most organic solvents or aqueous solu-
tions. The efficiency of the one-electron transfer from photo-excited TiO; and
Cuy0O nanoparticles to CO was in the order CuyO > TiO;, because of the prefe-
rential electronic and surface properties of the cuprous/cupric oxide nanopar-
ticles.

Acknowledgment. This work was supported by the Department of Energy, Office of
Science, Office of Basic Energy Sciences, under Contract No. DE-AC02-06CH11357.

n3BO[J

HUCIIUTHUBAIGE [TPEHOCA HAEJIEKTPUCABA Y EKCUUTOBAHUM HAHOYECTUITAMA
3A ®OTOKATATUTUYKY PEOYKLIUJY CO, Y HEBOJEHOJ CPEIMHU

HAJA M. TMMHUTPHUJEBU R

Chemical Sciences and Engineering Division, and Nanoscience and Technology Division, Argonne
National Laboratory 9700 S. Cass Ave., Argonne, IL 60439, USA

Pa3nBajame Haenexrtpucama y nodymgjenum CO; u CuyO mosynpoBOOHUYKUM HaHOYEC-
THL]JaMa je UCIIUTUBAHO €eKTPOHCKOM INapaMarHeTHOM PE30HAHTHOM CIEKTPOCKONHUjOM Ha
ou ce nodune nHdopmauuje o dhortokaTanuTHukoj penykuuju CO, y HeBoeHoj cpesuHHu. la
ou nosehanu pacrBopsuBOCT M BesuBame CO, kopucTwiu cmo kapdokcun-PEG4-amuH y
nonuetwied mukony 200 kao pactBapauy. Haheno je ma y Tom pactBopy pemyxuuja CO,
nourwme Ha noreHnujany on —0,5 V mpema Ag/AgCl, mTo je 3HayajHO NMO3UTHBHHje HEro
eJIeKTPOXeMHUjCcKa pefyKuMja y BehMHM OpraHCKHMX pacTBapaya M Bogu (-2,0 V mpema
Ag/AgCl). EduxacHOCT npeHoca enekTpoHa ca nodyhennx Hanodectuna Ha CO, 3aBUCH Of
TEPMOIVHAMHYKHUX U KUHETUUKUX NTapaMeTapa, HauMe 3aBUCH U Off IOTeHILIUjajla elIeKTPOHa y
MTPOBOJIHOj TPALH | O afcopmiije/se3nBama CO, HA MOBPIIMHY HAHOYECTHUIIA.

(Ilpumrsero 27. jyna, pepuaupano 19. centemdpa 2013)
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