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graphene (Cu20/G) as photocatalyst. The Cu.0/G photocatalyst has been prepared by chemical reduction of a Cu salt

(Cu(NOs)2) with ethylene glycol in the presence of defective graphene obtained from the pyrolysis of alginate acid at 900 °C

under Ar flow. Using this photocatalyst a maximum specific CHs4 formation rate of 14.93 mmol/gcu20-h and apparent quantum

yield of 7.84 % was achieved, which is one of the highest reported values for the gas-phse methanation reaction at

temperatures below Sabatier reaction (> 350 °C). It was found that the most probable reaction mechanism involves

photoinduced electron transfer from the Cu,0/G photocatalyst to CO,, while evidence indicates that light-induced local

temperature increase and H; activation are negligible. The role of the temperature in the process has been studied, the

available data suggesting that heating is needed to desorb the H.O formed as product during the methanation. The most

probable reaction mechanism seems to follow dissociative pathway involving detachment of oxygen atoms from CO..

Introduction

The quest for renewable fuels for transportation and the
growing concern on greenhouse gas emissions has led to
consider the use of CO; as feedstock for fuel preparation.13 In
this regard, one of the most promising approaches to convert
CO; is light-assisted reduction using natural solar light as
source.* 5 Since the seminal paper of Fujishima and Honda,®
numerous semiconducting materials, such as, metal oxides,
metal sulfides and layered double hydroxides (LHD) among
others, have been explored as photocatalysts for the light-
promoted reduction of CO,.” Although, TiO,-based
photocatalysts have been the most widely studied due to their
low cost and high stability, their wide-bandgap and high
electron-hole recombination rate have motivated the interest
in exploring alternative materials and developing strategies to
overcome these drawbacks, including sensitization with dyes or
metallic complexes® and their modification with metal co-
catalysts.% 10

Graphene (G) is a one atom thick 2D material of sp2-hybridized
carbon atoms in hexagonal arrangement. This material has
attracted much interest in recent years due to its unique
physical and chemical properties such high specific surface area,
outstanding charge mobility, photochemical stability, etc.
These properties have been found very convenient in the use of
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G-based materials as additive in photocatalytic systems!! or as
metal free photocatalysts!2. In this context, the use of G as co-
catalyst to enhance the efficiency of TiO,, WO3 and other
semiconducting metal oxides has been amply reported in the
photocatalytic CO; reduction!!. Considering that G is a zero
bandgap semiconductor, its role in these photocatalytic
systems, besides as support of the photoresponsive
components 1314 is to favour charge separation and to act as
co-catalyst 1516, Indeed, it has been proved that the lifetime of
the photogenerated charges in the semiconductors increases
when they are in contact with G.17

Since current efficiencies and conversion rates of artificial
photosynthesis, meaning the endothermic reaction of CO; with
H,O promoted by a photocatalytic system, is far from any
industrial process, one of the alternative photocatalytic
processes that is attracting much current interest is light-
assisted CO, methanation to form CHj. H; required in the
methanation would be generated from H,0 by electrolysis using
renewable electricity and it can become available in large
quantities because it will be a way to store electricity into
chemicals when there is a surplus of production wvs.
consumption. Water electrolysis at high current densities can
be carried out with efficiencies over 50%, but, then, the
problem would be H; storage and its use as transportation fuel
that most probably would require further transformation into a
different compound. H; reaction with CO; could be, then, one
of the preferred reactions considering also the availability of
CO; from conventional power plants and the convenience to
avoid its emission to the atmosphere.

Methanation of CO,, known as the Sabatier reaction, is an
exothermic reaction (eq. 1) that can be carried out catalytically
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at high rates at temperatures above to 300 °C, typically 450 °C.
However, it would be advantageous to develop efficient photo-
assisted methanation using natural sunlight for the process,
since solar light can provide the energy required in the large
scale implementation of this reaction.

CO,+4H, —» CH, + 2H,0 AH, = —165 k] -mol™* (1)
Although the use of carbon based materials as G'8 and graphene
oxide (GO),'® among others (graphite, carbon nanotubes or
graphene quantum dots)?% 21 has been widely studied as
support of metal or metal oxide nanoparticles (NPs) in the
photo- and electrocatalytic CHsOH and CHs production in
aqueous media, the gas phase photocatalytic CO, methanation
has been much less explored. Only recently, Chai et al. have
reported the preparation of a hybrid 2D material composed by
reduced graphene oxide (rGO) and protonated g-CsN,4 for the
photocatalytic CO; methanation in gas phase, which rendered
13.93 umol/gcat. 22

In this manuscript we describe the photo-assisted gas-phase
methanation by reacting stoichiometric amounts of CO; and H,
in the presence of Cu,O NPs supported on G (Cu,0/G) at
temperatures lower than required in the Sabatier reaction (<
250 °C). This renders an optimum 14.93 mmol/gc,-h of CH, at
250 °C upon Xe lamp irradiation at 200 mMW/cm2. The origin of
this high production rate comes from the synergetic effect
between G and the Cu,O NPs, where G, obtained from the
pyrolysis of alginic acid, supports homogeneously distributed
Cuz0 NPs and enhances charge separation by migration of
conduction band electrons generated in Cu,0 to G.

Experimental

Materials and procedures

Few-layers G (100 mg) dispersed in ethylene glycol (40 mL) was
obtained from the pyrolysis under Ar flow at 900 °C of alginic
acid sodium salt from brown algae (Aldrich) and subsequent
sonication in ethylene glycol at 700 W for 1 h, as reported
before 23. Cu(NOs), was added to the suspension and Cu?*
reduction was then performed at 120 °C for 24 h under
continuous stirring. The Cu,0/G sample was finally separated
from ethylene glycol by filtration and washed exhaustively with
water and with acetone. The resulting material was dried in a
vacuum desiccator at 110 °C to remove the remaining water.
The amount of copper present in the samples was determined
by inductively coupled plasma-optical emission spectrometry
(ICP-OES) by dissolving the Cu present in Cu,0/G with aqua
regia at room temperature for 3 h and analyzing the Cu content
of the resulting solution.

Ethanolic suspension of Cu,0 (< 350 nm) was purchased from
Aldrich (1.5% (w/v)).

Characterization
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Powder XRD patterns were recorded on a Shimadzu XRD-7000
diffractometer using Cu Ka radiation (A = 1.5418 A, 40 kv, 40
mA) at a scanning speed of 1 ° per min in the 10-80° 20 range.
Raman spectra were collected with a Horiba Jobin Yvon-Labram HR
UV-Visible-NIR (200-1,600 nm) Raman Microscope Spectrometer,
using a 512 nm laser. Spectra were collected averaging 10 scans at a
resolution of 2 cm™. HRTEM images were recorded in a JEOL JEM
2100F under accelerating voltage of 200 kV. Samples were prepared
by applying one drop of the suspended material in ethanol onto a
carbon-coated copper TEM grid, and allowing them to dry at room
temperature. XPS spectra were measured on a SPECS spectrometer
equipped with a Phoibos 150 9MCD detector using a non-
monochromatic X-ray source (Al and Mg) operating at 200 W. The
samples were evacuated in the prechamber of the spectrometer at
1-10° mbar. The measured intensity ratios of the components were
obtained from the area of the corresponding peaks after nonlinear
Shirley-type background subtraction and corrected by the transition
function of the spectrometer.

Photocatalytic measurements

A quartz photoreactor equipped with a nickel alloy
thermocouple connected to a heating mantle and temperature
controller was loaded with Cu,O/G photocatalyst and placed
under the light spot. H, and CO, were introduced in 4:1 molar
ratio up to achieve a final pressure of 1.3 bar. Prior irradiation
the photoreactor was heated at different temperatures by
means of a heating mantle equipped with thermocouple and
controller, and when the desired temperature was stabilized
the photocatalyst was irradiated from the top (2 cm above)
through a fiber optics with UV-Vis light from a 300 W Xe lamp.
Note that the time required before temperature equilibration
can be about 30 min. At that moment the lamp is switched on
and this is the initial time of the experiments. No change in the
gas phase composition was observed during the period of
temperature equilibration in the dark. A picture of the
experimental set up is presented in the Supplementary
Information (Fig. SI1, ESI). The CH4 formation was followed by
direct measurement of the reactor gases with an Agilent 490
MicroGC having two channels both with TC detectors and Ar as
carrier gas. One channel has MolSieve 5A column and analyses
H,. The second channel has a Pore Plot Q column and analyses
CO;, CO and up to Cs hydrocarbons. No evidence of the
formation of CH3OH (detectable in the MicroGC equipment)
was obtained. Quantification of the percentage of each gas was
based on prior calibration of the system injecting mixtures with
known percentage of gases.

Results and discussion

This journal is © The Royal Society of Chemistry 20xx
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Cu;0/G characterization

Cu;0/G photocatalyst has been prepared as illustrated in
Scheme 1. In brief, Cu(NO3s), was reduced through the polyol

) = e
Alginate
precursor

Turbostratic
residue

Scheme 1. Cu,0/G photocatalyst preparation. i) Pyrolysis of the
alginate precursor and ii) dispersion of the turbostratic residue
in ethylene glycol (EG) upon 700 W sonication for 1 h (a) and
subsequent Cu(NOs); addition (b) and reduction at 120 °C for 24
h.

method?* in the presence of G sheets obtained from the
pyrolysis of alginate at 900 °C under Ar atmosphere and
subsequent exfoliation of the carbon residue.?3 The obtained
Cu,0/G composite contained a nominal Cu content of 1.5 wt%,
as confirmed by ICP-OES elemental analysis.

The defective nature of G in the Cu,0/G samples was confirmed
by Raman spectroscopy in good agreement with the reported
properties of G obtained from alginate pyrolysis 23. Fig. 1 (inset)
shows the corresponding D (1350 cm™), G (1580 cm™) and 2D
(2700 cm™) bands expected for these defective graphene
sheets. Those defects consist mainly in carbon vacancies and
the presence of residual oxygen (8 wt%.) remaining from the
initial alginate precursor as reported before.?5 In addition, XRD
pattern (Fig. 1) of the Cu,O/G samples showed the typical
diffraction peaks corresponding to cubic Cu,0, and the broad
diffraction peak at 20 about 24° corresponds to the expected
diffraction for few layer G.

The presence of the Cu,O NPs on the G sheets was confirmed
by HRTEM (Fig. 2) that allowed also determination of their
particle size distribution. HRTEM images show that the Cu,O

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 XRD pattern of the Cu,0/G photocatalyst. The peaks
corresponding to Cu;0 have been indicated in red. Inset shows
the Raman spectrum of Cu,O/G recorded upon 512 nm laser
excitation.
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Fig. 2 HRTEM image of Cu,0/G, in the centre of the image the
size of a representative Cu,O NP is indicated. The inset shows
size distribution histogram. Scale bar is 20 nm.

NPs were homogeneously distributed on the G sheets and its
average particle size is 4.4 + 0.86 nm, determined after
measuring a statistically relevant number of MNPs.

Figure 3 shows the high resolution XPS spectrum of Cu2p 3/2
peaks and the best deconvolution to individual components. As
can be observed in this figure, XPS spectrum shows the
presence of Cu (1) (932.4 eV) and Cu(ll) (934.4 eV) in the Cu2p
3/2 peak. The observation of a weak satellite at 943.5 eV
confirmed that Cu(l) is the main component (79%), and Cu(ll)
was present in a lower extent (21%). Auger peak indicates that
the presence of metallic Cu in the outermost layers of the
Cu,0/G sample can be ruled out (Supplementary Information
Fig. SI2). Since Cu(ll) was not detected in XRD, it can be
concluded that the presence of this oxidation state has to be
limited just to a shallow outermost layer of the Cu,0 NPs.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 High resolution XPS peak for Cu2p recorded for Cu,0/G
sample showing also its best deconvolution to individual
components.

2. Photocatalytic activity

Photocatalytic CO, reduction tests were performed by placing
the Cu,0/G sample in a quartz photoreactor that was loaded
with CO; and H; in a 1:4 stoichiometric ratio according to the
requirements of eqn. 1 at a total pressure of 1.3 bar. The
photoreactor was then heated at different temperatures in the
range from 150 to 250 °C, and irradiation started only after
temperature stabilization. The temporal evolution of CH,4 using
Cu,0/G as photocatalyst at different temperatures is presented
in Fig. 4. At any of the studied temperatures the CH4 production
rate increased linearly the first 4 h (Fig. 4 inset). After that, the
CH,4 production rate gradually decreased, and after 24 h 2.84%
CO; conversion and 99% of selectivity to CHs were achieved at
250 °C, being as well detected CO and CH3CHs at trace levels.
The H; and CO; evolution over time is shown in Fig SI5 in ESI.
The CHs production rate under illumination at different
temperatures is listed in Table SI1. For comparison, the
photocatalytic activity of G in the absence of Cu,0 and that of
commercial Cu,0 NPs (c-Cu,0) stabilized in ethanol (< 350 nm)
as well as home-made Cu,O NPs (hm-Cu,O) (20 nm
approximately, HRTEM and XRD shown in Fig. SI3 in ESI)
prepared following the same ethylene glycol reduction
procedure than that followed for the formation of Cu,0/G were
also determined under identical reaction conditions. It should
be noted that the smaller particle size of Cu,O when G is present
in ethylene glycol should be probably due to adsorption of these
NPs on the G surface that disfavors particle growth. The
corresponding CH,4 production rates also included in Table SI1.
Blank experiments in the presence of Cu,0/G under
illumination performed at room temperature showed no
detectable amounts of CH,. Similarly, heating the photoreactor
at 250 °C in the dark (lamp on, aluminum foil covering the
photoreactor) led to the detection of negligible CHg, just on the
limit of the instrument response (0.005 pmol) after 24 h
reaction time. In contrast, the formation of CH4; was observed
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Fig. 4 CH, temporal profile (mmol/gcy) at 250 °C for 24 h. Inset
shows CHg time-production (mmol/gcy) at different
temperatures under illumination with a Xenon lamp of 300 W
at different temperatures (a: 250 °C, b: 225 °C, c: 200 °C and d:
150 °C). Reaction conditions: Cu content 0.56 mg. Py, = 1.05 bar,
Pcoz =0.25 bar.

when the photoreactor was irradiated at temperature above
150 °C in the presence of Cu,0/G.

From Table SI1 it can be concluded that G is inactive for CH,
production under optimal operation conditions (250 °C under
illumination), while c-Cu;0 and hm-Cu,0 NPs presented a CH4
production rate of 2.69 and 0.01 mmol/gcy-h, respectively. It is
worth noting that the hm-Cu,O NPs demonstrated much lower
photocatalytic activity than the commercial ones. This low
photocatalytic activity of hm-Cu,0 NPs is probably due to their
faster deactivation by H, reduction to inactive Cu NPs as it
would be commented below for the case of Cu,0/G.

When Cu,0/G was used as photocatalyst under these reaction
conditions, a CHs production rate of 14.93 mmol/gcy-h was
obtained which, to the best of our knowledge, is the highest CH,4
production rate reported for gas-phase methanation reaction at
temperatures below Sabatier reaction (<300 °C) using
semiconductor-based photocatalysts 2629, Table SI2 in the
supplementary information provides reported data about
photo-assisted methanation production rates and the
corresponding relevant conditions. The maximum apparent
quantum yield achieved for this reaction for Cu,0/G at 250 °C
was 7.84 % (calculated in the first 4 h of irradiation taking into
account the 250-360 nm active wavelength range for the
photocatalyst).

Comparison of the activity of G, c-Cu NPs or hm-Cu NPs
indicates that the photoactive component appear to be Cu,O
behaving as semiconductor, in agreement with its known
photocatalytic activity. However, the remarkably higher
photocatalytic activity of Cu,0/G with respect to the other Cu,0
samples evidences that G is not only acting as support of Cu,0
NPs, but also there must be a synergy between the Cu,O NPs
and G favouring the photoassisted reaction. In order to confirm
this synergy a series of photocatalysts in which a constant
amount of hm-Cu,0 was supported on increasing amounts of G
to obtain samples with different hm-Cu,0-to-G ratios were

This journal is © The Royal Society of Chemistry 20xx



prepared. The resulting composites used as
photocatalysts in the photoassisted methanation reaction and
the CH; obtained under 200 °C and 200 mW/cm? illumination
measured (Fig. SI4 in ESI). As can be observed, the CH,4
production increased with the percentage of G in the composite
photocatalyst, indicating that G is enhancing the CH,
production. A reasonable proposal is that G contributes to
enhance the efficiency of photo-induced charge separation, by
migration of conduction band electrons on Cu,O to G.
Moreover, it should be noted the high selectivity to CHs
production (> 99 %) obtained with the Cu,0/G photocatalysts,
although CH3CHs and CO were also detectable at trace levels.
Labelled 13C180, was used in order to confirm the origin of the
C source in the CH; production and the formation of H;O as
expected according to eqgn. 1. Using 13C!80; as substrate the
obtained gases were analysed after 4 h reaction under optimal
conditions by GC-MS spectroscopy (see Fig. SI6 in ESI), obtaining
a mixture of 14% of 12CH4 and 86% of 13CHg, calculated from the
relative intensity of the 17 vs. corrected 16 peak corresponding
to 13CH, respect to unlabelled 12CH,. This result indicates that
most, but not all, of the produced CH4 comes from the 13C180,
in the gas phase. The most likely origin of the unlabelled 14%
12CH, is the carbon atoms of G forming part of the Cu,O/G
photocatalyst. It could be that G undergoes partial
decomposition into CO/CO;, during reaction, contributing to the
overall CH, formation. Please note that G used in this study
comes from pyrolysis of alginate biopolymer, containing a
residual 8 wt.% of oxygen in its composition. It should be noted
that although under the present experimental conditions G
irradiation of G does not result in CH4 formation, as confirmed
by a control experiment, the presence of Cu,0 as photocatalyst
in Cu0/G can probably favour some G decomposition. In the
same experiment using 13C180,, formation of H,1%0 and H,!80
was also detected (See Fig. SI6 in ESI). This observation confirms
H,O formation in the methanation as indicated by eqgn. 1, based
on the observation of H,80. The origin of H>1%0 should be the
residual oxygen content of G, concomitant with the formation
of 12CH,4 and the O atoms of Cu,0 that can become reduced to
Cu metal.

The influence of the temperature promoting methanation was
established by carrying out the reaction at different
temperatures and studying the CH4 evolution, as evidenced in
Fig. SI7 in ESI. As commented earlier, the photocatalytic CO,
reduction did not take place under illumination at room
temperature. At 150 °C the production rate was only a 13 % of
the amount observed at 250 °C. The CH4 production increased
exponentially with temperature, following the Arrhenius eqgn.
(egn. 2) under constant light intensity of 200 mW/cm?2. From the
influence of the temperature on the initial reaction rate, an
apparent activation energy for the photo-assisted CO;
methanation could be estimated a value of 28.8 kJ/mol.

were

Ea
K(T) =A-e &7 (2)
The role of light promoting methanation was confirmed by

studying the effect of light intensity on the photoassisted CH,4
production. Fig. SI7 in ESI also shows the dependence of

This journal is © The Royal Society of Chemistry 20xx

methanation with light intensity. The CH4 production was very
small at 250 °C under light intensities below 100 mW/cm?2. From
this threshold, the rate increased rapidly up to light intensity
values close to 200 mW/cm?2. Further increase in light intensity
produced a minor increase in the production rate, probably due
to saturation effects in which the maximum carrier density is
close to be reached.

In a previous related process, Linic et al. have observed an
enhanced propylene epoxidation selectivity when CuO NPs
supported on SiO, were illuminated at 200 °C with high light
intensity (500 mW/cm?2). In that case it was demonstrated light-
induced change in the Cu oxidation state from +2 to +1
occurring beyond a critical light intensity threshold (500
mW/cm?2). 30 In the present case, selectivity to CHs was > 99 %
independently of the light intensity and reaction temperature.

3. Mechanism

We were interested in elucidate the mechanism of the
photoassisted CO, methanation by Cu,O. First, in order to
determine whether CO; activation arises from photogenerated
electron-hole pairs or from photothermal processes several
molecules with different oxidation potentials were added as
sacrificial electron donor agents to the reaction mixture (Fig. 5).
A trend between the sacrificial molecule oxidation potential and
the CH4 evolution was observed. As can be observed in Fig. 5,
the CH4 production rate increased when the oxidation potential
of the sacrificial electron donors decreased. The CH, production
using dimethylaniline or anisole was higher respect to the
reaction in the absence of any additive. Moreover, when high
oxidation potential molecule as p-xylene was used, the CH,4
evolution was suppressed.

1800 1
1600
1400 { Dimethylaniline
1200 +
1000 1
800 4
600 4
400 1
200 4

|
Anisole

CH, production(umol/g-h)

0+ p-Xylene u

‘200 T L T = T L T L4 T ¥ T L] T L4 T

08 10 12 14 16 18 20 22
E(V vs. Ag/AgCI)

Fig. 5. CHs production as function of the sacrificial agent
oxidation potential. The CHs production rate was measured
under constant light intensity of 200 mW/cm?2 from a 300 W Xe
lamp at 200 °C. Reaction time was 1h. Py; =1.05 bar, Pco;=0.25
bar. 20 pl of each sacrificial agent was added to the reactor
vessel in each experiment.

On the other hand, a sacrificial electron acceptor (nitrobenzene)
was used instead of donors, and in agreement with a
photoinduced charge separation mechanism, undetectable CH,4
production was observed under identical conditions used in the
sacrificial electron donor experiments. It is assumed that
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nitrobenzene competes favourably with CO; for the capture of
photogenerated electrons, stopping CO, reduction. Further
evidence of the light-induced electron transfer from the Cu,0/G
photocatalysts to CO, was confirmed when 322 umol/g-h of CH,
were obtained from photoassisted CO, methanation was
carried out in the absence of H; but using instead
dimethylaniline as sacrificial electron donor. In the absence of
H,, but in the presence of dimethylaniline, positive holes would
be quenched by the aromatic amine and electrons in the
conduction band should reduce CO,.

On the other hand, local temperature increase of nanoparticles
under lightirradiation to thermally activate H, and promote CO,
methanation has been demonstrated in other systems.3! In the
present case, a light-induced local temperature increase was
considered and disregarded based on the attempts to measure
the instantaneous local (at nanometric length scale)
temperature increase using quantum dots (QD) as temperature
indicators 32. It is well established that semiconducting quantum
dots can exhibit notable variations in the emission quantum
yields and their emissive properties as a function of the
temperature. Therefore, these QDs can be used as local
thermometers. In preliminary calibration experiments thin films
(< 20 nm) of commercial core-shell CdSe@ZnS were deposited
by spin coating on quartz substrates and their emission lifetime
measured at different temperatures (see Fig. SI8 in ESI). The
emission lifetime varied from 33.9 ns at room temperature up
to 5.4 ns at 150 °C. Further increase in temperature resulted in
QD degradation and/or emission disappearance. Therefore, it
seems that QDs can probe locally temperatures in the range
from ambient to 150 °C. QD thin layers were subsequently
deposited on top of Cu,0/G thin films prepared by spin coating
aqueous solutions of alginate sodium salt and Cu(NOs), on
quartz substrates and pyrolized at 900 °C under Ar flow, as
reported before 33, and QD emission lifetime measured while
irradiated with the 300 W Xe lamp source used in photocatalytic
experiments. If the light source would have produced local
heating of the Cu,0 nanoparticles, the emission lifetime of the
QD in contact with them should decrease or even disappear.
Note that in these experiments the Cu,0O/G film was not heated
and the purpose was to gain information about possible local
temperature increase due to irradiation of Cu,O/G at room
temperature. As can be observed in Fig SI6, irradiation or not
with the 300 W Xe lamp to the Cu,O/G film containing
CdSe@ZnS QDs as temperature sensors did not altered the QD
emission lifetime, failing to observe relevant variations in the
lifetime values that were constant around 33 ns. The results
indicate that local increase of the temperature due to light
irradiation is not taking place or it cannot be detectable for
CdSe@ZnS QDs.

Therefore, the correlation between the oxidation potential of
electron donors and acceptor with the CH4 production rate
combined with the failure to observe light-induced local
temperature increase led us to propose that the most likely
mechanism for the photoassisted methanation by Cu,0/G is the
photogeneration electron-hole pairs.

These electron-hole pairs must be generated in a
semiconductor upon light excitation. Cu,0 is a semiconductor
known to exhibit light absorption in the UV-Vis region with 1.94
eV band gap 34. However, in the present Cu,0/G system when a
UV cut-off filter (>360 nm) was used formation of CH; was not
observed, both in c-Cu,0 NPs as Cu,0/G samples (Table SI1). On
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the contrary, methanation could be successfully performed
using Cu,0/G as photocatalyst by irradiating with quasi
monochromatic 254 nm light. As can be observed in Table SI1,
the irradiation at 250 °C of Cu,0/G with 254 nm monochromatic
light produced a CHs; production rate of 810 umol/gc,h.
Therefore, it can be concluded that the photocatalytic activity
of Cu,0/G for methanation reaction comes from the high
energy absorbed photons in the UV region (<360 nm).

To understand this wavelength dependence, the diffuse
reflectance spectra of G and Cu,O/G were recorded (Fig. SI19a in
ESI). As it can be observed there, none of the two samples
presents intense absorption bands in the visible region. This
could be due to the small Cu,0 content on G (1.5 wt.%), whose
contribution is overlapped and masked by the most intense
absorption of G (98.5 % in weight). UV-Vis spectrum of a
solution of c-Cu,0 NPs in ethanol at the same concentration
that exists in the Cu,0/G samples confirms this negligible visible
light absorption (see Fig. SI9b in ESI). However, Cu,0 exhibits a
much more intense absorption band in the UV region, below
360 nm and it seems that it is this strong absorption band that
upon excitation is the one that is being responsible for
methanation.

Two main reaction pathways have been proposed in the
complete CO, methanation. Scheme SI1 in ESI summarizes the
proposed reaction pathways. According to these routes, the
CO; methanation can be carried out through initial hydrogen
incorporation (associative) or by detachment of oxygen atoms
(dissociative) 35. In order to distinguish between these two
possible routes, CO instead of CO; and H, was introduced into
the photoreactor as substrate under methanation conditions.
The CH; production rate using CO as reactant was
approximately 2-fold faster than using CO; (see Fig. SI10 in ESI),
indicating that in the present case dissociative mechanism could
take place easily and that in this route the first elementary
reaction (from CO; to CO) would be rate determining step,
occurring slower than the following paths. This would explain
why CO is not present in significant concentrations, due to its
much faster conversion compared to CO; under the reaction
conditions.

Although the next dissociative step from CO to C is difficult to
be evaluated due to the photocatalyst composition based on
carbon, an additional experiment was performed to provide
some evidence of the occurrence of the last step of the
dissociative path involving the intermediacy of methylene (:CH>)
reacting with Hs. For this purpose, a small amount of CH; was
added to the initial reactants in order to monitor the CH3CH3z
production. It is known that :CH;, can insert into C-H bonds,
being responsible for the chain growth in processes like Fisher-
Tropsch. Therefore, the increase of CH3CHs; production would
be an indirect proof of the generation of :CH; intermediate and
subsequent insertion into the C-H bond of the introduced CH4
molecules, providing support to the dissociative reaction
pathway. Furthermore, 3C-labelled CH; was also used in this
experiment and the GC-MS analysis confirmed that the CH3CH3
formed in the reaction derives from the reaction of labelled
13CH4 with 12CO; by monitoring 13CH3-12CHj.

Unfortunately, the possibility of the occurrence also of
associative pathways using formaldehyde or formic acid as

This journal is © The Royal Society of Chemistry 20xx



starting reactants could not be addressed due to the instability
and spontaneous decomposition of these two compounds at
the reaction conditions (200 °C). Despite this, the fast CO
methanation and the formation of the :CH, intermediate
together with the instability of formaldehyde under the
reaction conditions point out to the dissociative CO;
methanation as the most probable mechanistic route.

As commented in detail earlier, the temperature has a major
role in this photocatalytic CO, methanation. In order to gain
insights into the role of the temperature, several control
reactions were carried out introducing increasing amounts of
H,O in the reaction media at initial reaction times and the
methanation carried out at different temperatures.
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Fig. 6 CH; production rate in function of temperature upon
addition of H,0 aliquots. The CH4 production rate was measured
under constant light intensity of 200 mW/cm? from a 300 W
Xenon lamp. Reaction time was 1h. Py; =1.05 bar, Pco,=0.25 bar.

The hypothesis is that the temperature is needed to desorb H,0
formed as product in the methanation reaction (see eqn. 1).
Thus, Fig. 6 shows the initial CHs production rate upon H,O
addition in the reaction at different temperatures. As can be
observed the presence of small amounts of H,O decreases the
CH, evolution at all temperatures depending on the amount of
H,O added. Note that the maximum amount of H,O added on
the experiments of Fig. 6 (10 pl) is much lower than the
theoretical amount of H,0 formed on the methanation reaction
that is estimated in 1.4 mL. These experiments indicate that H,O
formed during the reaction should inhibit the methanation
reaction probably by strong adsorption on Cu,0/G
photocatalysts. If this is the case, an increase in temperature
should favor H,O desorption, and therefore, enhance CH,
evolution.

4. Photocatalyst stability

The stability of CuO/G in the methanation reaction was
investigated by performing prolonged 48 h experiment, and the
result is presented in Fig. 7.

In this long irradiation experiment, CH, evolution was observed
only the first 6 h, remaining practically constant the CHj4
concentration after this period, in spite that a considerable
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percentage of CO, and H; was still present. This indicates
complete photocatalyst deactivation.

In order to determine the origin of the Cu,0/G deactivation, the
sample was washed with base (triethanolamine aqueous
solution at pH 9), but HPLC analysis of the washings did not
allow detection of any by-product that could be adsorbed on
the Cu,O/G catalyst acting as poison. Particularly it rules out
formic acid or oxalic acids as adsorbed products. Moreover,
HRTEM images of deactivated Cu,O/G photocatalysts after
reaction were also acquired, but no differences in the material
morphology or size distribution with respect to these of the
fresh Cu,0/G sample were found (see Fig. SI11 in ESI). Finally,
XRD pattern of the deactivated Cu,0/G photocatalysts after
reaction was compared with the diffraction peaks of the fresh
photocatalysts prior to the reaction and they are shown in Fig.
7 inset.

As can be observed in Fig. 7 inset, the diffraction peaks of fresh
Cu,0/G corresponding to Cu (I) oxide have evolved to those
corresponding to Cu metal. This result is indicating that under
the reaction conditions at 250 °C in H; atmosphere, the Cu,0O
becomes reduced to Cu®. To confirm that this reduction from
Cu' to Cue is due to the presence of H, and the reaction
temperature and not to the action of the photocatalytic
reaction, Cu,0O/G sample was submitted at 250 °C in H
atmosphere in dark conditions, and XRD pattern confirmed the
complete Cu () oxide reduction to Cu®. Interestingly, in an
alternative control experiment, light-assisted CO, methanation
was attempted under optimal conditions using the reduced
Cu/G formed by H, treatment of Cu,0/G. No formation of
detectable CH, amounts was observed, indicating that Cu®is not
active for this reaction under these conditions.
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Fig. 7 Time-CH; evolution plot in a 48 h photoassisted
methanation using Cu,0/G photocatalyst. The inset shows the
XRD pattern of just prepared Cu,O/G photocatalyst (black
crosses) and after submitting it 4 h under the photoassisted
reaction conditions (red dots). Reaction conditions: Cu content
0.56 mg. Pyz = 1.05 bar, Pcoz = 0.25 bar, temperature 250 °C,
irradiation power density 200 mW/cm?2 from a 300 W Xe lamp.

Therefore, it can be assumed that the active Cu,0 supported in
G becomes reduced to Cu® during the course of the
photocatalytic reaction and this transformation is the origin of
the long-term catalyst instability. Notice that this deactivation
mechanism is a consequence of the temperature of the system
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and the presence of H; and not really due to the photocatalytic
mechanism.

To overcome this limitation, deactivated Cu,0/G catalyst was
submitted to reactivation by heating the photocatalyst at 250 °C
in air for 4 h, testing the activity of the reoxidized material in
subsequent reuses. Although partial reoxidation of the
photocatalysts was accomplished (see Fig. Sl112a in ESI), second
and third re-uses showed that the reactivated Cu,O/G
photocatalyst by thermal annealing by oxygen exhibits only a
part of the initial CHs production obtained with the fresh
Cu,0/G material (Fig. SI12b in ESI). This partial reactivation is
probably due to the inefficient re-oxidation process which is
able to re-oxidize to Cu;O only the outermost part of the Cu
nanoparticles, resulting, therefore, in a lower photocatalytic
activity than the fresh material.

To increase the stability of Cu,O/G under the reaction
conditions, an alternative approach consisting in coating Cu (l)
by a thin layer of Au was explored. In this approach, Cu,0/G
photocatalyst was impregnated with diluted solutions of HAuCl,4
(0.15 — 0.35 wt.%) and used in the photoassisted methanation
reaction without further treatment. Under the reaction
conditions, Au (lll) should become immediately reduced to Au
(0), coating Cu,O NPs with a Au layer thin enough to still allow
charges to reach CO; and H,, performing the. methanation
reaction. Au was selected for this purpose due to its noble
character and conductive properties.

Fig. 8 shows the photoassisted CO, methanation at optimal
conditions using Cu,O/G photocatalyst containing different
amounts of Au. As can be observed, a 3-fold decrease in the CH4
production rate was obtained when 0.15 wt.% Au was
deposited compared with the sample without Au. However, the
0.15 wt.% Au-Cu,0/G sample exhibited extended stability until
72 h while the uncoated Cu,0/G sample presented complete
deactivation in 48 h. Further increase in the Au loading (0.25
wt.% Au) resulted in improved activity and stability, although
higher concentration (0.35 wt.% Au) resulted detrimental for
the CH4; formation under the same conditions. We cannot
discard the presence of individual Au NPs in the G substrate. For
that reason, we performed a blank experiment using a
photocatalysts containing exclusively Au NPs supported on G
prepared following the same procedure as the Au coating.
However, undetectable amounts of CHs; were found under
optimal reaction conditions with this Au/G photocatalyst.
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Fig. 8 CH4 production rate using 0, 0.15, 0.25 and 0.35 wt.%. Au
loading in the Cu,0/G photocatalyst. The CH; production rate
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was measured under constant light intensity of 200 mW/cm?
from a 300 W Xe lamp. Py; =1.05 bar, Pco,=0.25 bar.

Although further studies are need to clarify the influence of the
presence of Au on the stability of Cu,0/G as photocatalyst, the
data obtained show that coating Cu,O by Au decreases CH,4
production rate, but increases its stability. Under optimal Au
percentages, CH; production rates are still about 50 % of the
initial value for the fresh Au-Cu,0/G material, while the pristine
Cu,0/G photocatalyst undergoes complete deactivation in less
than 48 h. These findings open further research to improve NP
coating and to investigate different coatings in order to extend
the stability of unstable photocatalysts, while preserving much
of their photocatalytic activity.

Conclusions

The present manuscript describes the photocatalytic activity of
Cu,0 nanoparticles supported on G in the photoassisted gas-
phase, CO, methanation reaction reaching a specific CHy
production rate of 14.93 mmol/gcu20°h and apparent quantum
yield of 7.84 % when the reaction is carried out at 250 °C under
200 mW/cm? power irradiation. Experimental evidence points
out that the most probable reaction mechanism occurs through
light-induced generation of electron-hole pairs, while no
evidence for a local increase of temperature induced by light
has been obtained. Nevertheless, the reaction temperature has
been found to play a key role, by favouring H,O desorption
formed during the reaction from the Cu,O/G photocatalyst.
Moreover, catalytic data support the dissociative CO;
methanation as the most probable mechanistic route. Finally, it
has been observed that Cu,0 nanoparticles become reduced to
Cu metal during reaction, limiting the long-term stability of this
photocatalyst. The possibility to reoxidize the Cu,O/G
photocatalyst to recover their activity or to coat Cu,O NPs with
a thin Au overlayer to increase their stability have been
explored.
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