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ABSTRACT: Commercial P25 modified by Au—Cu alloy nanoparticles as
thin film exhibits, for CO, reduction by water under sun simulated light, a rate
of methane production above 2000 xmol (g of photocatalyst) ™" h™". Although
evolution of hydrogen is observed and O, and ethane detected, the selectivity
of conduction band electrons for methane formation is almost complete,
about 97%. This photocatalytic behavior is completely different from that
measured for Au/P25 (hydrogen evolution) and Cu/P25 (lower activity, but
similar methane selectivity). Characterization by TEM, XPS, and UV—vis
spectroscopy shows that Au and Cu are alloyed in the nanoparticles. FT-IR
spectroscopy and chemical analysis have allowed one to detect on the
photocatalyst surface the presence of CO,*”, Cu—CO, and elemental C.
Accordingly, a mechanism in which the role of Au is to respond under visible
light and Cu binds to CO and directs the reduction pathway is proposed.

B INTRODUCTION

Reduction of carbon dioxide to useful chemicals is receiving
considerable attention as a long-term alternative to the
depletion of fossil fuels as well as a mean to valorize CO,
emissions. As chemical reduction of CO, by water is
energetically uphill, this process must consume energy,
preferably from renewable resources. The photocatalytic CO,
reduction by water as reducing agent, reported for the first time
more than three decade ago,l’2 is gaining increasing interest
considering it could be carried out using sunlight as the primary
energy source. There are a large number of studies on CO,
photoreduction, and a wide variety of materials, especially
semiconductors employed for water splitting into H, and O,,
have been evaluated for this purpose.” ® Among the various
semiconductors, titania has been the most frequently employed
photocatalyst due to a number of advantages including
abundance, low-cost, low-toxicity, high UV photoactivity, and
chemical and thermal stability.”~ "

Although titania is the most studied semiconductor in the
field of photocatalysis, both for water splitting and for CO,
reduction, its efficiency is still far from optimum due to the lack
of visible-light photoresponse and the large percentage of
unwanted electron—hole recombination of the photogenerated
charge separated state that reduces considerably the quantum
efficiency of the process.

One of the main issues associated with the photocatalytic
CO, reduction by H,O over titania is the hydrogen formation
as a preferential or competitive process, limiting the overall
CO, reduction yields and affecting the selectivity of the reaction
mixture. Generally hydrogen is formed in much higher yield
than the total amount of products derived from CO,
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reduction.’* At this moment, the best strategy to limit the
dominant hydrogen production prevailing over photocatalytic
CO, reduction is the use of suitable cocatalysts to modify the
selectivity of TiO,. The use of cocatalysts has opened in recent
years the possibility to control TiO, photoactivity toward CO,
reduction."’ The presence of noble metals such as Pt, Au, Ag,
or Cu on TiO, has an enhancing effect over CO, conversion to
valuable hydrocarbons.>™'® Simultaneously to the use of
cocatalysts, an additional viable methodology that has been
used to enhance the efficiency of titania is nanostructuring of
the photocatalyst with defined particle morphology.'”'®
Despite the advances in this field, at present only few studies
have exploited the wide range of possibilities that binary
combinations of metals offer as cocatalysts in photocatalytic
CO, reduction.'”~*° It has been reported that the presence of
platinum and copper cocatalysts on TiO, increases the
efficiency of the photocatalytic CO, reduction, leading mainly
to methane with a good selectivity.'”~>°

Continuing with this approach, herein we report the notable
increase in the photocatalytic efficiency and selectivity to
methane of TiO, as photocatalyst for CO, reduction by H,O
upon deposition on the photocatalyst surface of both gold and
copper nanoparticles (NPs). Au and Cu loaded on titania
renders a material that, under visible light irradiation and
optimal conditions, results in methane formation rates of about
2.2 + 0.3 mmol g™' h™! equivalent to 10.67 + 0.1 mmol m™
h™" and selectivity of electrons toward methane generation of
97%.
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B EXPERIMENTAL SECTION

Photocatalysts Preparation. Gold and copper loaded titania
photocatalysts were prepared by the stepwise deposition—precipitation
of each metal?™** First, the gold loaded titania materials were
obtained by adding the titania support (1 g) to a 100 cm® aqueous
solution of HAuCl, (containing from 10 to 20 mg of HAuCl,-3H,0)
previously adjusted at pH = 8.5 with a NaOH solution (0.2 M). The
slurry was maintained at 75 °C, under vigorous stirring. Heating the
slurry in the deposition step reduces the time required in this process
to S h. After this time, the sample was filtered and washed with
deionized water until the complete removal of chloride using AgNO;
test. Au—TiO, then was dried under vacuum at 80 °C for 48 h and
calcined at 400 °C in air for 2 h with a heating rate of 1.25 °C min™".
The obtained Au/TiO, powders were added to a 100 cm® aqueous
solution of Cu(NO;), (containing from 38 to 19 mg of Cu(NO;),:
3H,0) previously adjusted at pH = 8.5 with a NaOH solution (0.2 M)
and stirred at 75 °C for 5 h. The solids were recovered by filtration,
washed thoroughly with deionized water, and dried under vacuum at
80 °C. The TiO, powders containing Au and Cu were reduced under
H, flow (80 mL X min™") at 400 °C for 2 h with a heating rate of 1.25
°C min~". For the photocatalytic tests, small amounts of (Au, Cu)—
TiO, powders were dispersed by ultrasonication in Milli-Q water and
deposited as a thin layer over quartz plates with an area of 1.25 cm?
using the spray technique. The weight of the deposited photocatalyst
was determined by weighting the plates (about SO mg) before and
once dried after spraying (estimated error 0.2 mg) and also by
determining the thickness of the layer by means of an optical
profilometer (1 nm resolution, 1.5 ym thickness) and multiplying the
volume of the layer by TiO, P25 density (3.8 g/cm®). Supporting
Information Figure S1 provides some microscopy images and the
measurement of the thickness for one of these films.

Photocatalysts Characterization. All of the photocatalysts have
been investigated by means of optical (UV—vis in DR mode) and
vibrational (FT-IR) spectroscopy. Other characterization techniques,
like elemental analysis, transmission electron microscopy, and X-ray
photoelectron spectroscopy, have been used to investigate the
composition and the structure of these materials. The experimental
details are presented in the Supporting Information.

Photocatalytic Test. The irradiation of CO,/H,0O mixture was
carried out by powder or by thin layer of the photocatalyst deposited
on 1.25 cm® (1 X 1.25 cm X cm rectangle) quartz plates placed in the
center of an aluminum tray located inside the photoreactor
perpendicular to the light beam. Compressed CO, (99.995%, Linde
Spain) regulated by a mass flow controller was passed at room
temperature through a water bubbler to generate CO, and H,O vapor
mixture. The gas mixture was then flushed through a rectangular
photoreactor (300 mL internal volume) with aluminum walls and
Pyrex window. The reactor has the size of 200 mm (length) X 80 mm
(width) X S5 mm (height) and was located 10 cm below the solar
simulator beam outlet. After being purged for 1 h, the gas valves on
both sides were closed to seal the reactor, and the CO, pressure was
typically regulated to 1.7 atm. Irradiation with simulated sunlight of
the photocatalyst films was carried out using an Oriel solar simulator
(with a 1000 W Xe lamp) coupled with an AM1.S filter that provides
simulated concentrated sunlight (1000 mW cm™, see Supporting
Information Figure S1d for the lamp emission spectrum that contains
about 4% UV light and http://assets.newport.com/webDocuments-
EN/images/12298.pdf for a more complete description of the
equipment used). During the irradiation, the temperature increased
from the ambient value to a maximum of 60 °C measured at the
aluminum tray, and the pressure in the chamber reaching 1.9 atm at
this temperature. To determine the influence of irradiation type (UV
vs vis), two independent reactions have been performed using the
most active (Au, Cu)/TiO, material. Two different types of irradiation
sources, either a 125 W high-pressure Hg lamp from Philips in the case
of UV experiments, or a 150 W Xe lamp from Hamamatsu with a UV
cutoff filter (>400 nm) in the case of visible light experiments, were
used. Experiments comprising the use of photocatalysts thin films with
different surface areas have been performed. To this purpose, the most

active material has been deposited on quartz plates having 1, 3, and 6
cm? surface area. The course of the reaction was followed by analyzing
periodically the gas phase. At the final time, the possibility that
elemental carbon or organic compounds could be present adsorbed
onto the photocatalyst films was also considered, and the photo-
catalytic materials were submitted to combustion chemical analysis and
solid—liquid extraction using dichloromethane as the solvent. No
products were detected in the extract. Reproducibility of the data was
checked by performing independent experiments in duplicate, whereby
consistent results with significantly low dispersions (<5%) were
obtained. During the irradiation period, the gaseous samples in the
reactor were taken at desired intervals by directly coupling one of the
photoreactor valves to a dual-channel gas chromatograph (Agilent
Technology 490 Micro GC) equipped with MSSA and PPQ_columns
and two TCDs. To double-check the reproducibility of the data, a
second Rapid Refinery Gas Analyzer from Bruker that consists of a
three-channel gas chromatograph has been used. The first channel
with a TCD detector performed H, analysis by using a micropacket
HayeSep Q and Molsieve 5 A column with Ar as carrier gas. At the
second channel equipped with another TCD detector, CO,, CO, O,,
and N, could be analyzed with a combination of micropacket HayeSep
Q, H-N, and Molsieve 13 columns with He as carrier gas. The last
channel analyzes C1—CS$ hydrocarbons with He as carrier gas and a
FID detector. The calibration data obtained with the two GC systems
were similar to variation smaller than 5%. Calibration was made by
injecting mixtures of CO,, CH,, or H, in N, with known proportions.
The data are automatically processed by software of the instruments
that provide concentration data even when GC is connected directly to
the photoreactor. GC measurements were also performed in a blank
control using a mixture of ultrahigh purity argon (instead of CO,) and
water vapor as the purging and reaction gas, respectively, for the
catalyst-loaded reactor; no carbon-containing compounds were
detected derived from the photocatalyst upon irradiation. This verifies
that the methane observed in our experiments is not an artifact due to
contamination of organic residues on the photocatalyst. A series of
other control tests were also conducted using a mixture of CO, and
H,O vapor as the purging and reaction gas, respectively, for both the
empty reactor and the aluminum tray in the photoreactor. Again, for
either case, no carbon-containing compounds were produced under
irradiation. This demonstrates that the reactor and the tray were clean
and that the CO, conversion cannot proceed without the photo-
catalyst. All of these background tests have proved that any carbon-
containing compounds produced must be originated from CO,
through photocatalytic reactions.

B RESULTS AND DISCUSSION

Photocatalytic Conversion of CO, with H,0. The
procedure used in the preparation of TiO, modified by Au
and Cu NPs has been already sufficiently documented.”®™2°
The simultaneous presence of NPs of two metals acting as
cocatalysts on TiO, should lead to new optical, electronic, and
catalytic properties that are different from those of their
monometallic counterparts, and these new properties could be
reflected in the enhancement of the activity and selectivity in
the CO, reduction by water.””** Although the activity of both
metals individually loaded on titania has been already reported
for CO, reduction, the use of their combination has been so far
scarcely studied.”>*

To investigate the influence of the combination of Au—Cu
NPs on the photocatalytic activity, a series of (Au, Cu)/TiO,
samples, containing a constant total metal amount of 1.5 wt %
and Au/Cu ratios varying from 1:2 to 2:1, were synthesized and
compared for the CO, reduction to the performance of pure
1.5 wt % Au- and Cu-loaded TiO, as reference samples. Au and
Cu NPs were loaded on Evonik P25 TiO, by using two
consecutive deposition steps. First, Au loaded on TiO, material
is prepared by adding TiO, support to an AuCl,” solution
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previously adjusted to pH 8.5 performing the deposition in 5 h
by heating at 75 °C. After several steps of filtration, washing,
and drying, the resulting powder is thermally treated in air at
400 °C for 2 h to obtain Au/TiO,. This intermediate Au/TiO,
was used in a second deposition of Cu from aqueous solution
using Cu(NO;), as precursor. The obtained TiO, powder is
subjected to a thermal reducing step with H, at 400 °C for 2 h,
affording (Au, Cu)/TiO, photocatalyst as dark purple solid.
Before its use as photocatalyst, (Au, Cu)/TiO, was always
submitted to H, reduction. Control samples Au/TiO, and Cu/
TiO, were prepared by deposition of a single metal precursor.

The photocatalytic activity of TiO,-based materials for
reduction of CO, by H,O was determined in the gas phase
under batch conditions. H, and CH, were the only two major
products that have been observed in this work in all of the
experiments. It should be noted that using (Au, Cu)/TiO, as
photocatalysts, no CO could be observed in the gas phase even
after 46 h irradiation, and just a small amount of oxygen and
ethane was detected. Ethane appears as a secondary product
derived from methane. The temporal evolution of H, and CH,,
production toward 46 h of irradiation using the most active
material is presented in Supporting Information Figure S1. The
linearity in the CH, and H, production indicates that the
photocatalyst is extremely stable, the photocatalytic activity
starting to decay when enough O, is formed, probably due to
the quenching of photogenerated electrons by this gas. Table 1

Table 1. Photocatalytic Reduction of CO, by H,O in the Gas
Phase over TiO, Loaded with Single or Binary Metal
Cocatalysts under Simulated Sunlight”

formation rate (umol
-1 -1

g
selectivity for CO,
photocatalyst reduction (%) H, CH,

Powders”
TiO, 0 (0)° 2 0
Au/TiO,” 79 (48.5) 34 32
(Au, Cu)/TiO, (Au/Cu 2:1) 87 (62.7) 19 32
(Au, Cu)/TiO, (Au/Cu 1:1) 89 (66.7) 16 32
(Au, Cu)/TiO, (Au/Cu 1:2) 92 (73.3) 16 44
Cu/TiO, 91 (71.4) 16 40

Films?

TiO, 80 (50) 48 50 + 7
Au/TiO, 94 (80.8) 49 210 + 30
(Au, Cu)/TiO, (Au/Cu 1:2) 97 (88.6) 286 2200 + 300
Cu/TiO, 97 (89.4) 33 280 + 80

“Reaction conditions: feed, 1.7 atm water-saturated CO,; irradiation
time, 6 h; photocatalyst, 1.25 cm? thin film (0.6 mg of solid material)
deposited on quartz plates. “S0 mg of solid material. “The numbers in
brackets indicate the selectivity of CH, as reaction product calculated
by dividing the numbers of moles of CH, by the total amount of moles
enerated during the photocatalytic process (CH, plus H,).
Estimated relative error +15% (see the Supporting Information).

summarizes the H, and CH, production rates in gmol X g~' X
h™! for the series of photocatalysts under study. As it can be
seen there, (Au, Cu)/TiO, (Au/Cu 1:2) was the most efficient
photocatalyst, probably due to the optimal atomic composition
of Au versus Cu. The role of Au introducing visible light
photoresponse and that of Cu directing the selectivity toward
CO, reduction could be responsible for the existence of this
optimal composition, as it will be discussed below. Table 1 also
contains the selectivity of photogenerated electrons toward

CO, reduction and the selectivity of CH, versus H, (numbers
in brackets in the central column of Table 1). Considering that
the splitting of H,O to H, is competitive with the reduction of
CO, to CH,, the selectivity for CO, reduction on an electron
basis (8 e~ for the formation of CH, and 2 e~ in the case of H,
production) has been calculated using the following equation:>°

selectivity = [8n(CH,)]/[8n(CH,) + 2n(H,)] X 100%

where n(CH,) and n(H,) are the number of moles of CH, and
H, formed at a given time.

To firmly prove the photocatalytic CO, conversion, we have
performed several control experiments, including (i) contacting
for long periods CO, and H,O with the catalyst in the dark, (ii)
simulated solar light irradiation in the absence of catalyst, and
(iii) irradiation of the catalyst with simulated sunlight in argon
atmosphere instead of CO, and H,O gas mixture. Analysis of
the gas phase in these three controls did not lead to the
detection of any reaction product, including the lack of
observation of H, and CH,. This indicates that the reduction of
CO, and H,0 is a photocatalytic process. These controls also
show that H, and CH, do not arise from inorganic or organic
residues that could be adsorbed on the photocatalyst surface.

The CO, photoreduction process was initially performed
using the photocatalyst as powders on an aluminum tray. Under
these conditions, TiO, presents almost no activity, and the
presence of both metallic cocatalysts on TiO, leads to a
significant increase of the photoactivity and selectivity, but still
far from the performance when using these photocatalysts as
thin films (see Table 1). Because the photocatalytic reaction
takes place only on the surface of the materials, the next logical
step was to perform the reaction using the correct quantity of
solid material until the optimal value of methane generation
rate is reached. This can be accomplished by using thin
micrometric films keeping constant the irradiated area. In our
case, the optimal value for having the highest value in terms of
photoactivity and selectivity was 0.6 mg of solid material
deposited on photocatalytically inert quartz plates having an
area of 125 cm® This optimization of the amount of
photocatalyst by depositing them as thin films leads to a
notable increase of methane evolution rate as a consequence of
the optimization of the weight of photocatalyst to the material
that is exposed to the light (see Supporting Information Figure
S1).

The data presented in Table 1 show that the photocatalysts
as thin films can exhibit very high photocatalytic efficiency. It
can be seen that Au—Cu catalysts exhibit much higher activity
than TiO, (about SO times) for both monometallic counter-
parts (about 1 order of magnitude). In particular, monometallic
Au catalyst possesses higher activity for H, production and
lower selectivity for CO, reduction as compared to the Cu/
TiO,. The bimetallic system produces the largest amount of
CH,, which is nearly 8—11 times that obtained with both
monometallic Cu or Au loaded TiO, materials, respectively.
The increase in the amount of Cu in the Au—Cu system
enhances both the activity and the selectivity. As it can be seen
in Table 1, the best performing photocatalytic material of the
(Au, Cu)/TiO, series is the one having a Au/Cu ratio of 1:2.
This influence of the composition of the metal nanoparticles on
the photocatalytic activity is not totally unexpected considering
that previous related studies in the literature have reported that
the selectivity of the CO, photoreduction is determined by the
chemical composition of the photocatalyst.'®'? In this regard, it
has been observed that hydrocarbons are preferentially formed
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on Cu-containing TiO,, while CO was formed on Au
containing photocatalysts.'" The data presented in Table 1
indicate that the simultaneous presence of Au and Cu in
appropriate proportion enhances considerably the activity of
Cu/TiO, preserving the selectivity in CH, formation.

Table 2 presents the photocatalytic results obtained upon
irradiation of three surface areas of (Au, Cu)/TiO, (Au/Cu

Table 2. Photocatalytic Reduction of CO, by H,O in the Gas
Phase over (Au, Cu)/TiO, (Au/Cu 1:2) Thin Films with
Different Surface Areas under Simulated Sunlight”

selectivity for

surface CO,
area  CH, productivitz reduction
photocatalyst (em?)  (umol m™> h™* (%)
(Au, Cu)/TiO, (Au/Cu 1:2) 1 550 + 11 83.3
3 640 + 13 92.7
6 660 + 13 93.5

“Reaction conditions: feed, 1.7 atm water-saturated CO,; irradiation
time, 6 h; 150 W, Xe lamp; photocatalyst, thin films deposited on
quartz plates. bEstimated relative error 2% (see the Supporting
Information)

1:2) films on quartz plate. In principle, a constant formation
rate and CH, selectivity should be observed in the area value
range under study. However, data of Table 2 show a certain
improvement of the performances of the photocatalyst as the
surface area increases. This apparent positive trend could be
due to the difficulty in the preparation by spray pyrolysis of
films with exactly the same mass per substrate surface area as
the dimensions of the surface increases. In any case, the data of
Table 2 show that the excellent performance of (Au, Cu)/TiO,
films extends for areas higher than 1.25 cm? that is, the area
value of the data presented in Table 1.

Because in this study both metals are present in the chemical
composition of the photocatalyst, one point of interest is to
determine the distribution of the two metals in (Au, Cu)/TiO,
to understand the origin of the activity and selectivity of these
photocatalysts. This issue was studied by transmission electron
microscopy and XPS technique.

Surface Characterization of (Au, Cu)/TiO, Solids. TEM
studies were performed to evaluate the composition, structure,
and distribution of the NPs within the photocatalysts matrix.
TEM images show mainly round-shaped NPs with an average
size of around 5 nm. This average particle size is similar to that
of Au NPs of the (Au, Cu)/TiO, sample before H, reduction
(see Figure S3 in the Supporting Information). The d-spacing
values measured on different nanoparticles were found to be in
the range of 0.195—0.235 nm. In the case of (Au, Cu)/TiO,
(Au/Cu ratio 1:2), we found peaks at 0.235 nm (Au (111)
JCPDS 04-0784), 0.208 nm (Cu (111) JCPDS 04-0836), 0.222
nm (AuCu (111) JCPDS 25-1220, CuAu (1 101) JCPDS 27-
0156, and Cu;Au, (111 1) JCPDS 27-0157), and 0.195 (AuCu
(200) JCPDS 25-1220, CuAu (200) JCPDS -27-0156, and
Cu;Au, (1190) JCPDS 27-0157). These d measurements
indicate that (Au, Cu)/TiO, material is constituted by Au—Cu
alloy NPs, together with independent Au and Cu NPs. Figure 1
presents the HRTEM image of a representative Au—Cu alloy
NP, which possesses a d-spacing value of 0.222 nm. The
composition of the Au—Cu nanoparticles was determined by
dispersive X-ray spectroscopy. For this purpose, different
nanoparticles were analyzed, and the profile spectra were
taken. The corresponding EDS patterns (see Supporting

Figure 1. Structure analysis of the most active photocatalyst. (a)
Transmission electron microscopy (TEM) images of (Au, Cu)/TiO,
(Au/Cu ratio 1:2) after Au—Cu alloy formation at 400 °C in H,
atmosphere. (b) High-resolution TEM (HRTEM) image of one Au—
Cu alloy nanoparticle with a d-spacing value of 0.222 nm that is
different from that of independent Au (0.235 nm) or Cu (0.208 nm)
NPs.

Information Figure S2) confirmed the presence of both Au
and Cu in the same NPs, in agreement with the presence of
Au—Cu alloy on TiO,. Quantitative EDS analysis of the NPs
provides an average Au/Cu atomic ratio of 75:25, while the
presence of unalloyed Cu NPs in the material could be also
detected (see Supporting Information Figure S3). These
observations clearly show that the (Au, Cu)/TiO, photo-
catalyst presents a distribution of the Au—Cu alloy NPs
together with the coexistence of unalloyed gold and copper
NPs. Quantitative determination of the distribution of Au—Cu
composition would require a statistical analysis of a large
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number of particles and consideration of their corresponding
diameters that is out of the scope of the present study.

It should be noted, however, that the photocatalytic stability
of (Au, Cu)/TiO, materials suggests that Au—Cu alloy NPs are
tolerant to the redox stress of the mechanism. Thus, in view of
the presence of Au—Cu alloy NPs in (Au, Cu)/TiO, and the
contrasting behavior of this photocatalyst with respect to Au/
TiO, and Cu/TiO,, it is reasonable to attribute the good
photocatalytic performance of (Au, Cu)/TiO, to the properties
of Au—Cu alloy NPs that exhibit selectivity similar to that of
Cu/TiO, and higher photoresponse.

To understand the reasons of enhanced CH, production in
the photocatalytic reduction of CO, by H,0 on (Au, Cu)/TiO,
catalysts, the samples were also characterized by UV—vis
spectroscopy in diffuse reflectance (DR) mode. The DR-UV—
vis spectra of the (Au, Cu)/TiO, sample before and after the
reduction in H, atmosphere are presented in Figure 2.

1 a.u.

Intensity (a.u.)

Intensity (a.u.)

450 500 850 600 650
Wavelength (nm)

360 460 560 660 7(')0 800
Wavelength (nm)

Figure 2. UV—vis analysis of the most active photocatalyst. The DR-
UV—vis spectra of the (Au, Cu)/TiO, (Au/Cu ratio 1:2) catalyst
before and after reduction at 400 °C in H, atmosphere. The inset
presents the red-shift of the plasmonic band of Au NPs after the
reduction process. The shift in the position of the plasmon band
indicates the formation of the Au—Cu alloy NPs, and the decrease in
the 650 nm band corresponding to Cu’* ions is related to their
reduction to Cu” and incorporation in the alloy.

As it can be observed, besides the typical absorption band
with onset 390 nm corresponding to the electronic interband
transition in TiO, (optical band gap 3.2 eV), the spectra of (Auy,
Cu)/TiO, samples before the reductive H, treatment at 400 °C
exhibit a clear band centered at around 570 nm assigned to the
surface plasmon absorption of Au NPs and an optical
absorption located at 650 nm attributable to the presence of
Cu. During the thermal treatment in H, atmosphere, the d—d
transitions significantly decrease because the Cu ions undergo
reduction and alloy with Au NPs. Simultaneously, the
plasmonic band of Au NPs appears to be red-shifted to around
580 nm. This behavior might be an indication that Au and Cu
start to form nanoalloys.*>*!

XPS data of the (Au, Cu)/TiO, (Au/Cu ratio 1:2) sample
reveal that the Au, Cu surface composition changes after
hydrogen reduction (Cu/Au atomic ratio 10.6 in the fresh
sample while 4.5 in the reduced samples and 12.16 after
photocatalytic reaction), indicative of gold segregation toward

the particle surface (see Supporting Information Table S1).
The Cu/Au ratio higher than 2 for the unreduced (Au, Cu)/
TiO, (Au/Cu 1:2) could be a reflection of the preparation
procedure in which the metals are deposited consecutively, first
Au and then Cu. Therefore, it seems that Cu is preferentially
located more externally than Au. Subsequently, reduction under
H, at 400 °C should lead to the formation of metal alloy NPs
where the proportion of Au on the external surface is more
similar to the value of the bulk chemical analysis. Upon the use
of (Au, Cu)/TiO, (Au/Cu 1:2) as photocatalyst, XPS shows
again a Cu concentration on the external surface similar to that
of the unreduced material. All of these variations indicate metal
atom mobility on the surface of TiO, and restructuring of the
metal NPs. Similar surface restructuring, already reported for
nanoalloys,” suggests that both metals should be in close
contact instead of forming individual particles. The in situ
hydrogen reduced (Au, Cu)/TiO, sample shows a binding
energy of 83.5 eV for Au 4f;,, which is consistent with the Au’
oxidation state, and a binding energy of 931.8 eV for Cu 2p;/,
(associated with Cu’) with a slight shoulder at 933.4 eV
(associated with Cu®") (see Supporting Information Figure S4).
The lower binding energy of the Cu 2p;,, XPS peak for the
reduced (Au, Cu)/TiO, sample (931.8 eV) relative to the
expected value for bulk Cu (which is 932.7 eV) could be related
to some electronic and/or final state effect due to Au—Cu
nanoalloy formation.>® Moreover, Auger parameter analysis
agrees with a different local state of the copper atoms in the
(Au, Cu)/TiO, sample relative to a bulk copper metal sample
(see the Supporting Information). To have a clearer image of
the photocatalysts behavior, several low-temperature CO
adsorption in situ FT-IR experiments have been performed.
Indeed, nanoalloy formation is also confirmed from FT-IR
studies of CO adsorption (see Supporting Information).

Interesting, following the CO, photoreduction, the sample
exhibited a new component in the C 1s XPS peak at ca. 290 eV,
suggesting that some carbonaceous residues were accumulated
on the catalyst. These deposits of carbon residues may be
intermediates in the reduction of CO, to CH, (see Supporting
Information Figure S5). It is also important to mention that the
carbon content of the materials after performing the photo-
catalytic reaction has been determined by elemental chemical
analysis and is estimated to be around 0.21%.

Mechanism for Photocatalytic CO, Reduction. In situ
FTIR spectroscopy has proved to be a powerful technique to
gain understanding on the mechanism and reaction inter-
mediates in photocatalysis.>* In the present case, compressed
self-supporting pellets suitable for IR spectroscopy were used.

All IR spectra recorded for (Au, Cu)/TiO, (Au/Cu ratio
1:2) exhibit a sharp intense band at 3735 cm™ due to
stretching vibration of the isolated (noninteracting) surface OH
groups, accompanied by a broad band in the low frequency side
due to OH groups forming hydrogen bridges bonded to Ti*"
species, and a well-defined band at 3717 cm™, which has been
assigned to the presence of Ti**~OH based on the literature.>
The generation of Ti** sites is not totally unexpected after the
thermal treatment under H, atmosphere at 400 °C (see Figure
3a), although its population has to be sufficiently low to be
undetectable by XPS. The bands located at 3430 and 1635
cm™!, respectively, are assigned to the OH stretching and
bending vibration of water, which in the case of reduced sample
are slightly pronounced (see Figure 3a). The exposure to 185
mbar CO, and 190 mbar of water leads to the appearance of
two bands located at 2350 and 2342 cm™" due to the presence
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Figure 3. Infrared spectroscopic analysis of the surface bound
intermediates generated during CO, and H,O adsorption and their
evolution upon irradiation: (a) In situ FTIR spectra in the 3750—3550
cm™! region before (black spectrum) and after (red and blue spectra)
adsorption of CO, on (Au, Cu)/TiO, (Au/Cu ratio 1:2). (b) In situ
FTIR spectra in the 2250—1150 cm™" region before (black spectrum)
and after 30, 90, and 120 min of irradiation of the (Au, Cu)/TiO,
(Au/Cu ratio 1:2).

of CO, in the gas phase, and the presence of other bands due to
the generation of carbonate/carboxylate species by interaction
with (Au, Cu)/TiO, photocatalyst (Figure 3b). Specifically,
new IR bands at 1589, 1378, 1323 cm™%; 1620, 1434, 1221
cm™Y; and 1674, 1243 cm™' were observed. The IR bands at
1620, 1434, 1221 cm™ are assigned to bicarbonate HCO;~
species in addition to the IR band at 3610 cm™" (see Figure 3a)
based on the agreement with the literature.>*™* However,
assignment of the IR bands at 1674 and 1589 cm™ to either
carboxylate or carbonate like species is not straightforward, due
to the ambiguity found in literature data>*~** From the IR
spectra of CO, adsorption of a (Au, Cu)/TiO, sample
purposely oxidized at 300 °C under O, atm (see Supporting
Information Figure $10), where no Ti** should be expected,

and the in situ time-resolved IR spectra taken during irradiation
(see Figure 3b and discussion below), we can attribute the IR
band at 1589 cm™ to a carboxylate CO,*" like species, while
the IR band at higher frequency 1674 cm™" should be related to
a carbonate CO;” like species. Similar assignment has been
observed in previous literature data.**~**

The spectroscopic detection of Ti**—CO,*” suggests that
CO, can be activated by specific Ti** sites possessing an excess
of electron density respect to Ti*". Ti** species would be
formed by reductive thermal annealing with H,. These
electron-rich Ti** will transfer spontaneously an electron to
surface adsorbed CO, leading to CO,*”. In good agreement
with the proposal for the generation of CO,"”, Figure 3a shows
that the band associated with OH groups bonded to Ti** sites
appearing at 3717 cm ™" is constantly decreasing and eventually
disappears after the interaction of (Au, Cu)/TiO, with CO,.
The generation of HCO;™ and COj;” species is expected to be
caused by the direct coordination of CO, with basic Ti*'—OH
and Ti**—0?" groups, respectively.

The in situ time-resolved IR spectra taken during irradiation
presented in Figure 3b show that after 30 min UV irradiation all
peaks at 1674, 1589, 1433, and 1243 cm™' decrease in intensity.
These decreases in intensity could be related to a thermal effect
due to irradiation (see Supporting Information Figure S11)
and/or a catalytic effect. The growth of the Cu—CO band at
2126 cm™" upon 30 min irradiation agrees with a photocatalytic
effect (CO, photoreduction by water). From the first spectrum,
it is difficult to identify which IR bands are the precursors of
CO formation. However, when following the time evolution of
the IR spectra during irradiation (see Figure 3b), regeneration
of the IR bands at 1674, 1620 cm™" is observed, while only the
band at 1589 cm™ clearly decreases in intensity. According to
this result, we assign the 1589 cm™! IR band as the reactive
species, being the precursor of CO. The fact that Cu*—CO is
not more observed in the IR spectra could be due to
consecutive reaction of Cu*—CO to CH, and/or to a low
stability of the Cu*—CO complex upon increasing irradiation
time (see Supporting Information Figure S12). Thus, we have
evidence supporting CO,*” as the intermediate species, with
the IR band at 1589 cm ™' being the precursor of CO formation.
Note that in the experiments performed in the photoreactor
there is an excess of CO, that ensures the continued, constant
formation of CH, during the whole irradiation period, while in
the IR experiments the amount of CO,fnew IR bands at 1589,
1378, 1323 becomes depleted. Also note that no CO was
detected in the gas phase in the experiments using the
photoreactor. Overall, these spectroscopic data confirm that
CO, is photocatalytically reduced to CO due to the presence of
Ti*, and that surface bound CO,"” species is one of the most
likely reaction intermediates in the reduction of CO, on (Au,
Cu)/TiO,. The process can take place to some extent even in
the dark if the (Au, Cu)/TiO, photocatalyst is previously
submitted to reductive treatment.

These spectroscopic data regarding the nature of the surface
bound intermediates generated by CO, adsorption and their
evolution upon irradiation provided by in situ FTIR and XPS
techniques (detection of elemental C on the photocatalyst
surface) give some hints on the photoreduction mechanism.

To gain further insights into the activity of (Au, Cu)/TiO,,
two sets of irradiations were performed using filtered UV or
visible light. To prove that the visible light activity is imparted
by the Au plasmonic effect, two other experiments comprising
the use of bare TiO, and Cu/TiO, under visible light

dx.doi.org/10.1021/ja506433k | J. Am. Chem. Soc. 2014, 136, 15969—15976



Journal of the American Chemical Society

irradiation have been performed. After exposing (Au, Cu)/TiO,
(Au/Cu 1:2) powder (25 mg) for 24 h to these two irradiations
with different wavelengths, interesting important variations in
the product selectivity were obtained. Analysis of the product
distribution reveals that CH, is only formed under visible light
exposure (21.47 ymol g™"), while H, generation is observed in
different amounts upon irradiation in both wavelength ranges
(22.19 pmol g™ under UV and 7.74 umol g™' under visible
light irradiation). This difference in product selectivity is
remarkable and can be rationalized on the basis of precedents
reporting the visible light photocatalytic activity of titania
containing Au NPs and the influence of the excitation
wavelength.**~* When the photocatalyst is irradiated with
UV light, direct TiO, excitation with wavelengths shorter than
380 nm leads to charge separation on the semiconductor,
followed by electron migration to the metal NPs. In this case,
Au—Cu alloy NPs will act as electron reservoir and cocatalyst
transferring electrons mainly to water or acting as charge
electron—hole recombination centers. When a visible light
irradiation source is used, Au NPs act as light harvester due to
their surface plasmon band in the visible light. A similar
proposal of specific visible light excitation of Au NPs and UV
light excitation of TiO, on a Au—TiO, sample has been used to
explain photocatalytic thiol oxidation to disulfide under visible
light and disulfide to thiol reduction upon UV irradiation using
Au—TiO, as photocatalyst.*” This specific visible response due
to the presence of Au NPs also agrees with the present study
because the experiments performed by using bare TiO, and
Cu/TiO, show that these materials do not present photo-
catalytic activity under visible light irradiation. Hot electrons
from Au are mainly transferred to oxidized surface Cu atoms
rather to the conduction band of TiO,,*® while the excess of
holes oxidizes water and generates protons. The surface
activated CO, molecules (mainly on Cu sites) start to be
reduced, and the generation of CH, begins to occur. When the
irradiation source comprises the entire solar light spectrum,
both UV and visible-light induced processes take place
simultaneously in various degrees; in this way, the enhancement
of the H, and CH, generation is observed due to the presence
of noble metal NPs. The different roles of Au—Cu NPs
depending on the excitation wavelength and distinctive location
of electrons and holes are summarized in Figure 4.

With respect to the route of CH, formation, the CO,
photoreduction mechanism in the presence of water starts
with the adsorption of both reactants, CO, and H,O, leading to
the formation of a distribution of adsorbed species, followed by
their activation by one-electron and one-hole transfer,
respectively. After the activation of CO, by a one-electron
transfer and formation of surface-bonded CO,"”, the reduction
proceeds through a series of elementary steps involving the
consecutive transfer of protons and electrons, resulting in the
cleavage the C—O bonds being substituted by new C—H
bonds. Some intermediates, particularly CO,*”, Cu—CO, and
carbon deposits on the surface, have been successfully detected.
The overall schematic mechanism of the gas-phase CO,
photoreduction with H,0O over (Au, Cu)/TiO, materials
apparently follows the so-called “carbene pathway” that has
been proposed earlier'" (see Figure 4).

B CONCLUSIONS

The data presented show that Au- and Cu-loaded TiO,
photocatalyst in the appropriate Au/Cu ratio is an extremely
efficient material for the solar-light reduction of CO, to CH,,

UV light

0,
H,0

% 0,+ 2H

0=c=0-5>0=¢=0-+H o0& ¢+ H ¢

e~ + H*

ce+ H” CHE* H* CH, e~ + H* éHa e +H* CH,

Figure 4. Top part summarizes the proposal to rationalize the
influence of the irradiation wavelength range on the product
distribution using (Au, Cu)/TiO, as photocatalysts. The bottom
part presents a plausible route for methane generation in the gas-phase
CO, photoreduction by water.

with H,O as reducing agent exhibiting a production rate of 2.2
+ 0.3 mmol g”' h™". Under optimal conditions, selectivity value
of photogenerated electrons toward the reduction of CO, of
97% was observed with minimal concomitant H, generation.
The origin of the photocatalytic activity seems to be the Au—
Cu alloy NPs. These results constitute another example
showing very selective materials for photocatalytic production
of CH, at very high conversion based on the combination in
the adequate proportions of two or more metals acting as
cocatalysts of TiO, semiconductor, managing electrons and
controlling the selectivity of the process. It appears that the
selectivity toward CH, formation arises from the presence of
Cu bonding to CO on the photocatalyst, while the visible light
photoresponse would be introduced by the surface plasmon
band of Au.
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