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Remarkable Activity of 002 Facet of Ruthenium Nanoparticles
Grown on Graphene Films on the Photocatalytic CO,

Methanation

Aicha Anouar, Rocio Garcia-Aboal, Pedro Atienzar, Antonio Franconetti, Nadia Katir,
Abdelkrim El Kadib, Ana Primo,* and Hermenegildo Garcia*

In the context of diminishing atmospheric CO, emissions, there is an urgent
need to develop processes that can be carried out at a scale commensurate
with appropriate CO, volumes. One possible reaction is the transformation
of CO, to methane (Sabatier reaction). Due to its chemical stability, catalytic
CO, hydrogenation to methane is carried out at temperatures of 450 °C or
higher and pressures above 5 bars, thus, requiring a significant energy input.
One alternative possibility to conventional thermal catalysis is the use of
solar light as the primary energy, performing the photocatalytic CO, hydro-
genation. In this broad context, the present study shows the photocatalytic
activity of nanometric films of oriented Ru nanoparticles (NPs) strongly
grafted on defective graphene. These graphene films (thinner than 20 nm)
containing Ru NPs nanoplatelets (less than 2 nanomolg,/cm?) are among the
most active photocatalysts ever prepared for CO, hydrogenation and operate

through photoinduced charge separation.

1. Introduction

Due to the current concerns on global warming, there is an
international consensus in diminishing atmospheric CO, emis-
sions.ll While the goal of a totally decarbonized society would
require the shift from fossil fuels to renewable energies, one
possibility to decrease CO, emissions is to use this gas as
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feedstock for the production of fuels and
chemicals.2]

Although the majority of the reac-
tions involving CO, as reagent are
thermodynamically uphill, hydrogena-
tions to effect the chemical reduction
of CO, are among the few exothermic
processes.*>l CO, hydrogenations can
be carried out by conventional thermal
catalysis, but recently the photocatalytic
version of CO, hydrogenation has gained
importance due to the possibility to use
solar light as the only energy source.[]
Among the different photocatalysts that
have been reported to promote CO,
hydrogenation, those containing ruthe-
nium or ruthenium oxide nanoparticles
(NPs) in combination with a semicon-
ductor exhibit a high activity.'** Pre-
vious studies have shown that graphene or graphitic carbon
nitride in combination with metal NPs is a suitable photo-
catalyst for the light-assisted Sabatier CO, hydrogenation to
methane.[16-1%]

In the present study, we report the specific photocatalytic
activity for CO, hydrogenation corresponding to two facet-
oriented Ru NPs exhibiting preferential crystallographic planes
grafted on defective graphene. Optimization of the catalytic
performance of metal NPs is an issue of constant interest in
heterogeneous catalysis.??) One possibility to achieve this goal
is to prepare samples of metal NPs exposing the most active
crystallographic plane 223 which prospectively requires to set
a facet-activity relationship. While theoretical studies predict
that different planes in a crystal should exhibit different activi-
ties,” the main problem is how to provide experimental con-
firmation of these theoretical predictions and how to prepare
reliably samples exhibiting defined preferential orientations of
the crystal.2>?] The case of Ru metal is particularly interesting
given its high activity as a catalyst in many reactions, while
being elusive to undergo preferential facet orientation.!!®!

One of the most general methodologies to grow crystals
with preferential orientation is the use of complexing agents
that by strong binding with certain crystal planes thwart their
growth during the formation of the crystals.’82 Fluoride and
ionic surfactants are typical complexing agents widely used in
this methodology.?%-33 These surface complexing agents may
remain attached to the surface after preparation of the sample,
thus, hindering full accessibility to the exposed catalyst.
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Alternatively, crystals are grown on substrates exhibiting spe-
cific facets that favor the epitaxial growth of planes matching the
templating substrate surface.’*3"! This approach has the main
drawback of the limited choice of available substrate library with
clean surface to promote the growth of the nascent NPs.

In this context, we have previously reported that pyrolysis
of films of natural polysaccharides containing adsorbed metal
salts may afford metal NPs exhibiting a defined preferential
crystallographic orientation.?*#2 After thermal annealing that
converts these raw polysaccharides into few-layers graphene,
the resulting metal NPs grow anisotropically on the defective
graphene basal plane, without the interference of complexing
agents.

Following this methodology, herein we report the prepara-
tion of films of Ru NPs grafted on graphene with two defined
facets orientation, either 002 (Ru (002)/G) or 002 and 101 (Ru
(002-101)/G). Activity data for photocatalytic CO, methanation
clearly showed that 002 facet is far more active to promote the
photocatalytic CO, methanation compared to the 101 plane.
Theoretical calculations at DFT level suggest that this high
activity derives from the lower adsorption energy of H, on the
002 plane as compared to the stronger hydrogen chemisorp-
tion on the 101 facet. The present results show the remarkable
activity increase that can be achieved also in photocatalysis by
preparing metal NPs exposing the most active plane to interact
with substrates and reagents.

2. Results and Discussion

2.1. Photocatalyst Characterization

The photocatalysts of the present study were thin films of nano-
metric thickness constituted by multi-layers defective graphene
containing Ru NPs. The preparation procedure of these films
is illustrated in Scheme 1. The process uses an aqueous solu-
tion of ammonium alginate at neutral pH followed by which
hexaammineruthenium(III) chloride is added. A clear brown
solution suitable for casting obtained after filtration of the
metallic suspension is spin-coated onto freshly cleaned quartz
plates. Pyrolysis at 1000 °C of these films produces the trans-
formation of ammonium alginate into multilayers graphene on
top of which the presence of Ru NPs was observed. Depending
on the atmosphere of pyrolysis used, Ar or 5% H,/Ar, Ru
(002)/G, or Ru(002-101)/G films are formed. As it will be

Ru(NH,),Cl,
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Table 1. Characterization data of facet-oriented Ru films.

Sample Ru loading Average NP height Film thickness
[mol cm=%)) [nm? [nm?

— -9

Ru(002)/G 1.34.10 43+0.2 13.3+0.3

— -9

Ru (002-101)/G 17610 7603 19.50.4

AMeasured by ICP after digesting the film with aqua regia; ") Determined by AFM
measuring a statistically relevant number of particles or films.

commented below, the preferential facet orientation that is also
a key for interpreting the photocatalytic activity, derives from
the specific binding strength of these Ru facets with H, that
is larger for the 101 facet and causes the re-structuring of the
nascent NPs.

ICP analysis of the films upon dissolution of Ru NPs with
aqua regia determines the Ru loading per surface area or total
mass of the film. Table 1 gathers the main analytical and char-
acterization data of the films under study.

The oxidation state of Ru and its strong interaction with the
graphene layers was determined by analysis of the XPS. Figure 1
shows the high-resolution Cls+Ru3d peaks recorded for both
Ru(002)/G and Ru (002-101)/G films. The overlap between the
Cls and Ru3d;, signals at about 284 eV does not allow deter-
mining the different types of C atoms and their percentage.
However, the Ru electronic state in Ru (002)/G was established
by analysis of the Ru3ds, peak at 280.11 eV that indicates only a
single component corresponding to Ru(0).1**!

The XPS analysis of Ru (002-101)/G film is similar to that of
Ru (002)/G. However, one difference observed for Ru (002-101)/G
film was that the surface atomic proportion of Ru is about twice
as higher as the one measured for Ru (002)/G. Since the height
of Ru NPs in Ru (002-101)/G is about double than that of Ru
(002)/G (see Table 1) and typical penetration in XPS about
5 nm,* less carbon and oxygen atoms are probed on the sur-
face, explaining the increased surface atomic proportion of Ru
atoms for films of similar Ru loading.

The defective nature of the graphene film and its multi-
layer stacking was determined by Raman spectroscopy of the
films. Figure 2(a) shows a representative Raman spectrum
corresponding to Ru (002)/G. As it can be seen there, the pres-
ence of the 2D, G, and D peaks appearing at 2800, as a broad-
band, 1600 and 1354 cm™ was observed. The relative intensity
of the G versus the D band in both Ru-containing films was
about 1.04 that is in the range of the I/Ip ratios previously

Ru(002)

%101)

Ru(002)

Scheme 1. Pictorial illustration of the preparation of Ru(002)/G and Ru (002-101)/G films.

Adv. Sustainable Syst. 2022, 6, 2100487 2100487 (2 of 10)

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A 181D 3|ced!|dde ayy Aq pausenob ae s9 ol O 8sh JO Ss|nl 10} ArIq1T 8UIIUO A1 UO (SUOIPUOD-pUB-SULBIWOD A8 | 1M A1 1BUI|UO//SANY) SUORIPUOD pUe SWis | 8U188S *[£202/c0/.2] Uo AkeiqiTauljuo A8|IM oUS e A 8Q BOIUSSH O TeIseAIUN A] Z8700TZ0Z NSPe/Z00T OT/10p/w00" A8 |1mAke.q 1 jpul|uo//sdny woly pepeojumod ‘S ‘220 ‘987729962



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

a)

60000 /
< 50000 cisc=c) | |
o 56.63% |
; 40000 - / 2 Rudds),
= 20.44%
a Cls (C=0) (20.44%)
9 30000 A (9.53%)
£

20000 A

— T
294 292 290 288 286 284 282 280 278 276
Binding energy (eV)

www.advsustainsys.com

b)
Ru3ds,,

70000 - (40.8%)
40000 -

— Ru3d;/,

2 (27.1%)

B, 50000 -

;. Cls (c=C, C-O)/

@ 40000 - (24.4%, 7.7%)

; /

- 7

£ 30000
20000 - L

T T T T )
295 290 285 280 275 270
Binding energy (eV)

Figure 1. High-resolution XPS Cls and Ru3ds, peaks and their best deconvolution to individual components in the proportions indicated in the plot

for a) Ru(002)/G and b) Ru(002-101)/G films.

reported for defective graphenes.”! A relatively intense peak
at 440 cm™ attributable to the quartz substrate accompanied
by other less intense peaks are recorded in the low-frequency
range.[*l No peaks corresponding to RuO, or other Ru oxide
(528 cm™! strong, 646 cm™! medium intensity, and 716 cm™!
weak)##8] could be detected in the lower energy region of
the Raman spectra. This failure to observe Ru oxides is in
agreement with the XPS data in which the Ru oxidation state
corresponds to Ru(0). Similar features were recorded for
Ru(002-101)/G (Figure 2(b)), except that the signal-to-noise
ratio was higher. Since Raman spectroscopy derives from scat-
tered light the higher signal-to-noise ratio could probably be
due to the different morphology and higher height Ru (002-101)
NPs supported on G.

The prevalent metallic state of Ru NPs and their preferen-
tial crystallographic orientation were clearly determined by
XRD for samples of higher Ru loading. Figure 3 shows the
corresponding XRD patterns for the two Ru-containing gra-
phene films under study with sufficiently high Ru loading
(9.3 ug/cm™2, average lateral particle size 70 nm by FESEM). For
other films with lower Ru content as those indicated in Table 1,
no XRD peaks attributable to Ru could be recorded. These
XRD patterns for films with high Ru loading are characterized
by a broad diffraction band at 26 value of 24° corresponding
to the stacking of the graphene layers. In addition, one or two
sharp peaks at 26 values of 42° or 42° and 44° corresponding
to the 002 or the 002 and 101 diffraction facets of metallic Ru
NPs, respectively, were also recorded in Ru(002)/G and Ru
(002-101)/G. For the sake of comparison, Figure S1, Supporting

x| Q) b)

Intensity (a.u)
Intensity (a.u)

1000 2000 3000 1000 2000 3000
Raman shift (cm) Raman shift (cm)

Figure 2. Raman_spectra upon 514 nm excitation recorded for a) Ru
(002)/G and b) Ru(002-101)/G films. The peak at 440 cm™' corresponds
to the quartz substrate in agreement with the literature.®! Note that the
signal-to-noise ratio reflects the nanometric thickness of the graphene
films.
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Information, shows also the XRD pattern of Ru NPs lacking
any preferential orientation, in which the presence of a series of
diffraction peaks corresponding to the various possible crystal-
lographic planes can be observed. Therefore, XRD provides a
firm evidence of the preferential facet orientation of Ru NPs in
the Ru (002)/G and Ru (002-101)/G films.

As commented earlier, there are precedents in the literature
showing that pyrolysis of natural polysaccharides containing
metal precursors gives rise to metal NPs with preferential crys-
tallographic orientation.?®”] One notable difference of the pre-
sent samples with the existing precedents is that it is possible
to obtain two different Ru nanocrystals by performing the pyrol-
ysis in the absence (002 facet) or in the presence of H, (002 and
101 facets). Therefore, the results obtained disclose a reliable
procedure to grow Ru crystals with one or two developed facets.
Regarding the influence of H, on the Ru NP growth, it is pro-
posed that under pyrolysis conditions the stronger H, binding
and Ru hydride stability for the 101 plane in comparison to the
002 facet cause reorganization of the Ru NPs as they grow,
favoring the appearance of the 101 facet in comparison with the
thermodynamically more stable 002 plane. In the absence of
H,, under Ar atmosphere, the thermodynamically more stable
002 facet of Ru prevails. Similar proposals have been made
earlier in the literature to explain changes in Ru clusters by
interaction with H,.*) This proposal is based on the theoretical
calculations on models that will be commented below.

The thickness of the Ru (002)/G films and the morphology of
the Ru NPs were studied by AFM. This technique with subna-
nometric vertical resolution indicates that the thickness of the
graphene films was between 5 to 20 nm. Table 1 includes the
exact thickness value for the samples under study. Frontal views
of these films by AFM show the presence of Ru NPs adhered

1200 a) 1200 b)
-~ ~
51000 51000
K -4
> 800 > 800
3z 3
c c
9 600 S 400
E £

400 400

20 40 60 80 20 40 60 80
20 () 20 ()

Figure 3. XRD patterns of a) Ru(002)/G and b) Ru (002-101)/G films.
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to the graphene. Figure 4 presents selected AFM images and
representative height profiles for films thickness of the samples
used as photocatalysts. These measurements were also employed
to characterize Ru NPs and to understand better the reasons
for the development of the 101 facet. Measurements on a statis-
tically relevant number of Ru NPs for the Ru (002)/G film (see
insets of Figure 4a,b for the number of particles) indicate that
the average height was about 4.3 nm. Although the lateral size
cannot be measured with accuracy by AFM due to the width of
the probe tip, the morphology of Ru NPs appears as thin platelets
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where the largest surface should correspond according to the
XRD pattern to the 002 plane. This platelet morphology was later
confirmed by high-resolution transmission electron microscopy

(TEM). In the case of Ru(002-101)/G films, the

average Ru NP

height measured with subnanometric resolution was higher
than that of Ru (002)/G, about 76 nm, while the lateral size was
estimated in the same range for Ru (002)/G and Ru (002-101)/G
films. In other words, it seems that the experimental data indi-
cate that the Ru NPs in the Ru (002-101)/G sample have the same
basal area, but are taller than those of Ru(002)/G.
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Figure 4. Frontal views of a) Ru(002)/G and b) Ru(002-101)/G showing the presence of Ru NPs on a continuous G film. The insets in frames (a) and
(b) correspond to the histograms of Ru NP height. Bottom frames: G film thickness for Ru(002) /G (top) and Ru (002-101) /G (bottom) determined from

the profiles along the white lines in the left images.
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Scheme 2. Pictorial illustration of the growth of the 002 plane in Ru(002) /G and development of the 101 plane in Ru (002-101)/G when the pyrolysis is

performed in the presence of H,.

It is proposed that the 002 plane grows parallel to the G
plane, while the 101 facet determines the height of the Ru NPs.
Scheme 2 illustrates our proposal to rationalize the preferential
orientation of Ru NPs in the two samples under study.

The preferential facet orientation determined by XRD at
macroscopic scale was further confirmed by high-resolution
TEM images by measuring the corresponding interplanar dis-
tances of individual NP after scratching a bit of the film from
the quartz support. Figure 5 shows two representative images
taken for these two Ru(002)/G and Ru(002-101)/G films.
Thus, for the lattice fringes of Ru (002-101)/G it was possible to
measure two interplanar distances of 0.199 and 0.214 nm cor-
responding to the reported interplanar distance of the 101 and
002 facets of hexagonal Ru metal NPs (Figure 5a),% while
in the case of Ru(002)/G film a distance between planes of
0.214 nm, matching the expected value for the Ru 002 facet was
measured (Figure 5b).

FESEM images of Ru(002)/G and Ru(002-101)/G films
on quartz are shown in Figure 6. A clear dendritic patterning
of the Ru NPs on G is observed for both films, revealing the
non-homogeneous distribution of the NPs on the G film. This
dendritic patterning probably arises from the agglomeration of
atoms and clusters of Ru following a certain model on the G
sheet and could be a direct consequence of the high tempera-
ture of the pyrolysis. Ru (002-101)/G displays a similar dendritic
patterning and also a non-uniform distribution of Ru particles
on the G sheets.

2.2. Photocatalytic Activity

Photoassisted CO, hydrogenation was performed in the gas
phase by placing square 2x2 cm? plates of Ru(002)/G or Ru
(002-101)/G films on a sealed photoreactor that can be heated
up to 150 °C. Irradiation of the system was performed from the
top with a collimated beam at a distance of 13 cm using the
UV-vis output of a Xenon lamp.

Figure 5. High-resolution TEM images of Ru NPs from a) R_u(002-101)/G
and b) Ru(002)/G samples.

Adv. Sustainable Syst. 2022, 6, 2100487 2100487 (5 of 10)

The only product detected in all of the photocatalytic experi-
ments was CH,. Formation of other byproducts such as CO
or higher hydrocarbons was undetectable (micro-GC detection
limit <0.1 umol). The photocatalytic activity of the two nano-
metric thick films at 150 °C is displayed in Figure 7 as mmols
of CH, formed per mass of the film (Ru NPs and graphene) as
a function of time. Supporting information provides details of
how the mass of the Ru(002)/G film was determined. A pre-
vious control using a Ru-free G film did not exhibit measurable
photocatalytic activity under these conditions, indicating that Ru
NPs are necessary to observe the photoassisted methanation. If
Ru (002)/G is irradiated at 150 °C in the absence of CO, or CO,
is irradiated at 150 °C in the absence of any catalyst or if the
photocatalyst and CO,/H, mixture are not irradiated, formation
of CH, was negligible (below 10 mmol g! at 24 h, compared to
Figure 7), meaning that light, CO, and Ru(002)/G are neces-
sary to observe CH, formation at this temperature. Similarly,
another control at the same temperature with any of the two
Ru-containing films, but in the dark, shows that the amount of
CH, formed at this temperature is about one order of magni-
tude lesser. Since it is well known that Ru NPs are good cata-
lysts for the thermo catalytic CO, hydrogenation at sufficiently
high temperatures, the activity of Ru(002)/G in the dark was
also tested at temperatures above 150 °C. Important to be noted
is that at temperatures of 200 °C, catalytic methanation in the
dark was significantly higher than at 150 °C, but the contribu-
tion of dark catalytic methanation at 150 °C is less than 10% of
the total CH, formed in the photocatalytic reaction. Performing
photoassisted experiments at 150 °C ensures that the contribu-
tion of the thermo catalytic process is not relevant. Obviously,
thermal production of CH, by Ru(002)/G would increase at
higher temperatures, but the influence of the temperature on
the dark thermal reaction was not further studied. In addition,
keeping the temperature constant at 150 °C, the CH, produc-
tion rate increases with the light intensity in the range from 40
to 100 mW x cm™2 as measured with a calibrated photodiode
(see Figure S2, Supporting Information), indicating that the
process is assisted by light.

Figure 7 shows that although the amount of Ru in the two
Ru-containing films is similar (see Table 1), the photocata-
lytic activity of Ru(002)/G film is significantly higher than

30

0 5 160
Particle size (nm)

Figure 6. FESEM images of a) Ru(002)/G and b) Ru(002-101)/G on
quartz showing the dendritic particle distribution.
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Figure 7. CH, temporal profile (mmolcyis/geatalyst) at 150 °C under UV-vis
irradiation measured for the two Ru-containing films presenting different
preferential crystallographic orientations (Ill: Ru (002-101)/G and @: Ru
(002)/G). Reaction conditions: 1 quartz plate of 2 x 2 cm? as photocata-
lyst; Py, = 1.05 bar, Pco, = 0.25 bar.

that of Ru(002-101)/G analog. Ru NPs in which the 101 plane
is observed in XRD exhibits less than one order of magnitude
lower initial reaction rate and about eight times lower CH,
production at final reaction time. Figure 7 shows that an ini-
tial reaction rate of 113.9 mmol of CH, /g of photocatalyst x h™
is reached in the first hour of irradiation at 150 °C for Ru
(002)/G. This photocatalytic rate is remarkable and among the
highest ever reported for the light-assisted Sabatier methana-
tion. Table S1, Supporting Information, provides a comparison
with other reported data. Although there are in the literature at
least three reports with a high CH, methane production rate
than the value achieved for Ru(002)/G herein, these higher
rates were reported at higher temperatures (case of NiO/Ni-G)
or with much higher light intensity corresponding to 10 Suns
(case of Ru NPs supported on few layer double hydroxide) or
300 W Xe lamp (Ru/Al,03). Under the mild conditions corre-
sponding to the experiments reported in Figure 7, Ru (002)/G
was the most active material.

Worth to remind is that this remarkable photocatalytic
activity is produced by a nanometer-thin film. The total CH,
production using Ru(002)/G as photocatalyst at 25 h was 75
times higher than the total C amount present in the film, indi-
cating again the G film cannot be the origin of CH,. Compar-
ison of the activity data of Ru(002)/G or Ru (002-101)/G films
indicate that the facet displaying the highest photocatalytic
activity is the 002 facet.

As commented earlier when referring to the control experi-
ments, the temperature exerts a considerable influence on the
occurrence of dark versus photocatalytic methanation. The
reaction temperature also plays a remarkable influence on
the photocatalytic activity of Ru(002)/G. This influence was
determined by carrying out the photoassisted CO, methana-
tion at three different temperatures from 100 to 150 °C. The
results are presented in Figure 8. From this Figure, a minor
increase in photocatalytic activity occurs upon increasing
the temperature from 100 to 120 °C. In contrast, when

Adv. Sustainable Syst. 2022, 6, 2100487 2100487 (6 of 10)
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Figure 8. Time-CH, production (mmol g™') plot under illumination with
a 150 W xenon lamp of a Ru (002) /G film at 100 (), 120 (@), and 150 °C
(A\). Reactions conditions: 1 quartz plate of 2 x 2 cm? (15.2 ug) as pho-
tocatalyst; Py, =1.05 bar, Pco, = 0.25 bar.

performing the reaction at 150 °C, CH, production was notably
increased reaching a rate of 113.9 mmol x h~!x g™! compared to
1.90 mmol x h™x g! obtained at 120 °C. By applying Arrhenius
equation, an apparent activation energy for the photocatalytic
methanation in this range of temperatures of 30.44 kcal x mol™
was determined.

The photoresponse of Ru(002)/G was determined by per-
forming analogous photocatalytic methanation using passband
(UV) and cut off (visible, 4 > 450 nm) filters to ensure selective
irradiation with UV or visible light. The results are shown in
Figure 9. It should be noted that although the light power in
these regions is different, the results provide firm evidence that

500+

o o

4
A

400-

g 8 © o

Absorbance

M

200 400 600 800
Wavelength (nm)

300+

2004

CH, production (mmol/g)
o
e

(@]

0 5 10 15 20 25
Irradiation time (h)

Figure 9. Time-CH, production (mmol g™) plot at 150 °C upon illumina-
tion by the output beam of a 150 W xenon lamp of Ru(002)/G film using
different cut off filters (IM: no filter, @: pass band filter of 340 till 380 nm
and A: cut-off filter for A > 450 nm). The inset shows the UV-vis spec-
trum of Ru(002)/G film that is also very similar to that of Ru(002-101)/G.
Reactions conditions: 1 quartz plate of 2 X 2 cm? (15.2 ug) as photocata-
lyst; Py, = 1.05 bar, Pco, = 0.25 bar.
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Figure 10. Time-CH, formation (mmol g™) plot of the photocatalytic CO,
methanation in the presence of Ru (002)/G at 150 °C under irradiation
from a 150 W xenon lamp in presence of 0.16 mmol of N,N-dimethylani-
line (@) or H, (MM, Py, = 1.05 bar). Reactions conditions: 1 quartz plate
of 2 x 2 cm? as photocatalyst (15.2 pg); PCO, = 0.25 bar. Either N,N-
dimethylaniline or H; as electron donor.

e
[6)]

Ru (002)/G exhibits photoresponse all over the UV-vis wave-
length range, what is in agreement with the optical absorption
spectrum of the sample as shown in Figure 9 inset (for the
UV-vis spectrum of Ru (002-101)/G see Figure S3, Supporting
Information).

One important point is to determine the type of photo-
catalytic mechanism. Previous reports in the literature have
revealed two general mechanisms, either photothermal® or
photoinduced charge separation.’?! In the photothermal meth-
anation, the photon energy is converted at the metal NP in
local heat, increasing the temperature at the NP. In the pho-
toinduced charge separation, conduction band electrons and
valence band holes are generated promoting CO, reduction and
H, oxidation, respectively. To address the reaction mechanism,
the photoassisted CO, methanation was carried out in the
absence of H,, but in presence of dimethylaniline as electron
donor. N,N-dimethylaniline radical cation typically undergoes
dimerization to tetramethylbenzidine that does not interfere
with the products in the gas phase.”* Tt is observed in Figure 10
that the addition of N,N-dimethylaniline in the absence of H,
in the gas phase increases the rate of CH, formation by a factor
of three reaching a value of 383.8 mmolcy X Gphotocatalyst * X 7
This enhancement on the rate of CH, formation by replacing
H, by N,N-dimethylaniline supports the photogeneration of
electrons and holes on Ru (002)/G film as the most likely reac-
tion mechanism.

This enhanced CH, production rate is in agreement with the
better ability of N,N-dimethylaniline to act as electron donors

www.advsustainsys.com
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Figure 11. Comparison of the time-CH, (mmol g™') plot upon contacting
Ru(002)/G at 150 °C under irradiation with a mixture of H, (1.05 bar)
and CO, (0.25 bar) (M) and a second experiment in which Ru(002)/G
was irradiated first with an H, atmosphere for 4 h and subsequent H,
was removed and CO, added and the reaction continued in the dark
(®). Reactions conditions: 1 quartz plate of 2 x 2 cm? as photocatalyst
(15.2 ug); PH, =1.05 bar of the first step, PCO, = 0.25 bar of the second
step, irradiation with a 150 W Xe lamp.

compared to H,, due to its lower oxidation potential. In the
experiment with N,N-dimethylaniline, this aromatic compound
acts simultaneously as a proton donor after the generation of
the corresponding radical cation as indicated in Scheme 3.
According to this mechanism, the role of graphene is to
enhance electron/hole separation by accepting electrons. The
high CH, production rates would be, then, a reflection of the
efficient Ru NP-graphene heterojunction derived from the pyro-
lytic preparation procedure that ensures a strong grafting of the
Ru NP on the graphene. However, the fact that photocatalytic
CO, reduction occurs does not exclude the possibility of a cer-
tain contribution of the photothermal pathway.

As indicated in Scheme 3, a plausible mechanism after the
photocatalytic event involves the intermediacy of ruthenium
hydrides as intermediates of the methanation. This proposal
is compatible with the well-known Ru hydride chemistry.” To
provide some support to this proposal, an additional experi-
ment was performed in which first the photocatalyst was
submitted to irradiation for 4 h in the presence of H,, but in
the absence of CO,. Subsequently, in a second step and after
complete evacuation of H,, the pretreated Ru (002)/G film was
exposed to CO, at 150 °C in the dark. The results are presented
in Figure 11. If Ru—H species are formed in the step of pho-
tocatalytic irradiation, these intermediates should persist suffi-
ciently long to attack CO, in the dark at 150 °C when this gas
is admitted in the second step. The results obtained showed

Scheme 3. Proposal of the photocatalytic Sabatier CO, methanation mechanism. Upon light absorption by the Ru NPs, hot electrons migrate to the
defective graphene sheet reaching a charge-separated state. Holes at Ru NPs oxidize H, to protons, while electrons and protons reduce CO,.
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Figure 12. Temporal evolution of CH, production (mmol g™") upon con-
secutive reuse of the same Ru(002)/G film (H: Ist reuse, ®: 2nd reuse,
and A: 3rd reuse). Inset: XRD pattern of three times used Ru(OOZ)/G
film indicating the diffraction peaks corresponding to Ru NPs. Reac-
tions conditions: 1 quartz plate of 2 X 2 cm? as photocatalyst (15.2 ug);
Py, =1.05 bar, Pco, = 0.25 bar, 150 °C, 150 W Xe lamp.

that after contacting separately H, and CO, with the Ru (002)/G
film, formation of CH, is detected, thus lending support to the
intermediacy of some Ru—H as intermediate. Note that a con-
trol experiment in which the hydrogenation step is performed
at 150 °C in the dark for 14 h, prior to H, outgassing and sub-
sequent addition of CO, while the system is being irradiated at
150 °C, only leads to the detection of minute amounts of CH,.
This suggests that the formation of Ru—H at this temperature
is a step being assisted by light. In this way, it is proposed that
photogenerated electrons will form a Ru—H.

Photocatalyst stability was tested by performing three consec-
utive uses of the same Ru (002)/G film. The temporal CH, evo-
lution of these stability tests is presented in Figure 12. As it can
be seen there, significant deactivation is observed upon second
reuse reflected by a decrease of the initial CH4 formation rate
(from 113.9 to 676 mmol x g' x h™!) and CH, amount at final
time. A third use results in a further decrease of the initial reac-
tion rate and final CH, production. To better understand the
origin of this deactivation, XRD pattern of the three-times used
Ru (002)/G film was recorded and compared to that of the fresh
sample. The corresponding diffractogram is presented also in

(@ (b)

m

’0 O

A 4
m(-

481 a: a6 000 18 32 49
Bohr
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Figure 12 as an inset. Emergence of the peak at a 26 value of
44° corresponding to the (101) facet was observed. Since the
photocatalytic activity of the Ru (002-101)/G film is lower than
that of Ru(002)/G, it seems that under the reaction condi-
tions exposure to H, at 150 °C under light irradiation causes
reconstruction of Ru NPs, with the growth of the 101 facet. This
would result in a worsened photocatalytic activity. Reconstruc-
tion of Ru NPs under reaction conditions has been previously
reported®! in the literature and this will result in an irrevers-
ible decrease in photocatalytic activity from that of Ru (002)/G
to the activity of Ru NPs having 101 facet, like Ru (002-101)/G,
as reflected in Figure 7.

2.3. Theoretical Calculations

In order to give some insight into the preferential Ru(002) facet
growth (Figure 1a) and the role of hydrogen developing the 101
plane, a computational approach was applied. Initial calcula-
tions with a Ruyg cluster model confirm that the (002) facet was
thermodynamically more stable than the (101) by 1.46 eV and
the expected ratio of the (002) versus the (101) facet should be
4.7, in good agreement with the characterization data for Ru
(002)/G. This higher thermodynamic stability explains why
under inert atmosphere the 002 facet is preferentially devel-
oped. The optimized cell unit (2.67 x 2.67 A) for the (002) facet
was further characterized by electron localization function
(Figure 13b) revealing a covalent bonding between Ru atoms.
This fact indicates that the small model is suitable for studying
the system as it reproduces the experimental atom distances
and coordinates. For the calculations of adsorption on Ru, a
capped model was used to obtain the MEP surface. This surface
suggests a relatively positive region presenting a V; ., value of
24 kcal mol™.

A model containing a Ruy, cluster deposited on an aro-
matic surface (1.14 x 1.14 nm) mimicking the graphene layer
was employed to estimate the activation of H,. In this model
corresponding to the Ru NPs interacting with the graphene
sheet, molecular hydrogen undergoes a dissociative adsorp-
tion (Egs = —1.4 eV) on the peripheral Ru atoms at the cluster/
aromatic interface. The calculated H—H distance of the
adsorbed H atoms was increased up to 2.29 A, thus confirming
their spontaneous dissociation (Figure 14). In addition, both
hydrogen atoms have a similar Ru—H distance (dg,—y of 1.72
and 1.74 A, respectively). These values indicate that it is not the
spontaneous H, dissociation, but the subsequent CO, attack by

(c)

oo

e

+24 kcal/mol

Figure 13. a) Crystallographic disposition of Ru (002) plane along the c axis; b) Electron localization function (ELF, XY plane) for optimized Ru(002)
cell unit, and c) MEP surface (plotted at 0.002 a.u.) for a Ru18 model cluster.
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E, =-14eV

Figure 14. Dissociative adsorption on the Ru-graphene interface at
PBE-D3/def2SVP level of theory. The corresponding hydrogen atoms are
highlighted in blue and red colours. Hydrogen of aromatic surface has
been omitted for clarity.

photogenerated electrons coupled with proton transfer the rate-
determining step in the photocatalytic CO, reduction.

3. Conclusion

Pyrolysis of alginate films containing a Ru salt leads to the for-
mation of films of defective G containing Ru NPs with pref-
erential 002 facet orientation. The presence of H, during the
pyrolysis promotes the growth of Ru NPs with 002 and 101
planes. Theoretical studies suggest that the stronger interaction
of the 002 facet of Ru with graphene together with the higher
H, adsorption energy onto the 101 facet compared to the 002
plane are the factor responsible for this unique control of the
Ru crystal morphology. The films of oriented Ru NPs grafted
on defective graphene exhibit a remarkable activity to promote
the photocatalytic CO, methanation through a mechanism
involving charge separation, reaching a CH, production rate at
150 °C over 110 mmol CHy X gphotocatalyst * X ™" that is among
the highest ever reported, probably reflecting the efficient Ru
NP-graphene heterojunction due to the strong grafting of Ru
on graphene as a consequence of the pyrolytic preparation
method. Overall the present study shows the vast potential of
defective graphene films of nanometric dimensions to form
efficient heterojunctions with enhanced activity as photocatalyst
with potential application in related CO, reduction reactions
using H,O as electron and proton source.

4. Experimental Section

Preparation of Ru(002)/G: Alginic acid from Sigma-Aldrich (Lot
#SLBL2988V) was first dispersed in 9 mL of MilliQ water under
magnetic stirring followed by the addition of 1 mL of aqueous NH,OH
solution (25%) to ensure its complete dissolution. After stirring for 2 h,
the resulting solution of ammonium alginate was filtered through a
syringe of 0.45 um pore diameter to remove eventual impurities present
in the powder. 148 mg of hexaammineruthenium(l11) chloride purchased
from Sigma-Aldrich (Lot#MKCF0161) was dissolved in 200 pL of MilliQ
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water. 3 mL of filtered ammonium alginate solution was, then, added to
the ruthenium complex solution and the mixture was left under stirring
for 3 h. The resulting suspension was then filtered through a syringe
of 0.45 pm diameter. The films were prepared by casting the solution
on a freshly cleaned quartz plate (1x1 cm?) at 4000 rpm for 30 s. The
films were dried at 60 °C for 1 h prior to submitting them to pyrolysis
under Ar atmosphere at a heating rate of 5 °C min~' up to 1000 °C and a
dwelling time of 1 h at the final temperature. The plates were allowed to
cool at room temperature under Ar atmosphere. The amount of Ru was
determined by ICP-OES by immersing the plates into aqua regia for 24 h
and analyzing the Ru content of the resulting solution.

Preparation of Ru(002-107)/G: Alginic acid purchased from Sigma-
Aldrich (Lot #SLBL2988V) was first dispersed in 9 mL of MilliQ water
followed by the addition of 1 mL of aqueous NH,OH solution (25%)
to ensure its complete dissolution. After stirring for 2 h, the resulting
solution of ammonium alginate was filtered through a syringe with a
Nylon filter of 0.45 um pore diameter to remove eventual impurities
present in the powder. 148 mg of hexaammineruthenium (1) chloride
purchased from Sigma-Aldrich (Lot#MKCF0161) was separately
dissolved in 200 pL of MilliQ water. 3 mL of the filtered ammonium
alginate solution was added to the metallic solution and the resulting
mixture was left under stirring for 3 h. The color of the resulting
suspension turned dark brown. The resulting suspension was then
filtered through a syringe of 0.45 um diameter. The films were prepared
by casting the solution on a freshly cleaned quartz plate (1X1 cm?) at
4000 rpm for 30 s. The films were dried for 1 h at 60 °C prior to pyrolysis
under 5% H,/ 95% Ar atmosphere at a heating rate of 5 °C min™' up to
1000 °C and dwelling time of 1 h at the final temperature. The amount
of Ru was determined by ICP-OES analysis by immersing the plates
into aqua regia for 24 h and analyzing the Ru content of the resulting
solution.

Determination of the Amount of Catalyst Deposited on the Quartz
Substrate: The mass of the photocatalyst was determined using the
following procedure: based on the amount of alginic acid precursor; the
mass of an aqueous solution of ammonium alginate (8 wt.%) deposited
onto a quartz substrate by spin coating was determined with a balance of
0.1 mg nominal precision by the difference between the quartz substrate
with and without the solution film. Thermogravimetric analysis shows that
during the pyrolysis process at 1000 °C a mass reduction of 76.5% occurs
while alginic acid was graphitized. Knowing the mass of solution deposited
onto a 2x2cm? quartz substrate, the ammonium alginate content (8 wt.%),
and the mass reduction in the pyrolysis, the weight of the residual graphene
can be estimated by applying the equation 0.08x0.76 x mass of the solution.
In this way, most of the experiments were performed with films containing
an estimated mass of 15.2 lg of graphene in 2x2 cm? films.

Photocatalytic Reactions: The photocatalytic activity of the materials
was evaluated using a photoreactor consisting of a homemade stain steel
body with a top quartz window with a truncated conical shape. The total
capacity of the photoreactor was 40 mL. The temperature and pressure
inside the photoreactor were measured by an internal thermocouple and
a manometer, respectively. The photoreactor was located 3 cm below the
Xe lamp. The temperature of the H, and CO, gas mixture was 150 °C
unless stated otherwise. For each measurement 1 plate of 2x2 cm? of the
photocatalyst was used. H, and CO, were introduced in a 4:1 molar ratio
up to achieve a final pressure of 1.3 bar. The photoreactor was heated at
the desired temperature prior to irradiation and once the temperature
was stabilized, the photocatalyst was irradiated from the top through
fiber optics with UV-vis light from a 150 W Xe lamp. The evolved CH, was
analyzed using a gas chromatograph (Agilent 490 MicroGC) equipped
with two channels, both with TC detectors and Ar as the carrier gas.
Quantification of the percentage of each gas was based on prior calibration
of the system by injecting mixtures with known percentages of gases.
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