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Introduction

Competition between reverse water gas shift
reaction and methanol synthesis from CO,:
influence of copper particle sizet

® Nienke L. Visser,?
b,d and

Laura Barberis, @@ Amir H. Hakimioun,® Philipp N. Plessow,
Joseph A. Stewart, 2 © Bart D. Vandegehuchte,® Felix Studt
Petra E. de Jongh (=) %@

Converting CO; into value-added chemicals and fuels, such as methanol, is a promising approach to limit
the environmental impact of human activities. Conventional methanol synthesis catalysts have shown
limited efficiency and poor stability in a CO,/H, mixture. To design improved catalysts, crucial for the
effective utilization of CO,, an in-depth understanding of the active sites and reaction mechanism is
desired. The catalytic performance of a series of carbon-supported Cu catalysts, with Cu particle sizes in
the range of 5 to 20 nm, was evaluated under industrially relevant temperature and pressure, i.e. 260 °C
and 40 bar(g). The CO, hydrogenation reaction exhibited clear particle size effects up to 13 nm particles,
with small nanoparticles having the lower activity, but higher methanol selectivity. MeOH and CO for-
mation showed a different size-dependence. The TOFco increased from 1.9 x 1075 s to 9.4 x 1073 s7*
with Cu size increasing from 5 nm to 20 nm, while the TOFyeon Was size-independent (8.4 x 10~* s~ on
average). The apparent activation energies for MeOH and CO formation were size-independent with
values of 63 + 7 kJ mol™ and 118 + 6 kJ mol™, respectively. Hence the size dependence was ascribed to
a decrease in the fraction of active sites suitable for CO formation with decreasing particle size.
Theoretical models and DFT calculations showed that the origin of the particle size effect is most likely
related to the differences in formate coverage for different Cu facets whose abundancy depends on par-

ticle size. Hence, the CO, hydrogenation reaction is intrinsically sensitive to the Cu particle size.

2019, and is expected to surpass 120 Mt by 2025.% Currently,
methanol is almost exclusively produced from either natural

Global warming is considered one of the most serious environ-
mental problems in recent years. The greenhouse gas contri-
buting the most from human activities is carbon dioxide
(CO,)." A promising approach is the conversion of CO, into
value-added bulk chemicals and fuels, such as oxygenates
(alcohols and dimethyl ether) and hydrocarbons (olefins,
liquid hydrocarbons, and aromatics). Methanol is a common
chemical feedstock in industry and potentially a substitute for
fossil fuels.” Global methanol demand reached 98.3 Mt in
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gas or coal, mostly due to economic reasons. The industrial
process involves the hydrogenation of CO,-enriched syngas
over Cu/ZnO/Al,Oj catalysts at 240-260 °C and 40-100 bar.*”

It is generally accepted that the main carbon source in the
process is CO,, which is generated by the water-gas shift reac-
tion (CO + H,0 — CO, + H,) and converted into methanol
(CO, + 3H, — CH30H + H,0).° The WGS reaction is beneficial
for the catalyst’s stability as it consumes the water generated
during methanol synthesis. When CO, is the only carbon
source in the feedstock, besides being hydrogenated to metha-
nol, CO, is also consumed by the reverse water gas shift reac-
tion (CO, + H, — CO + H,0). The undesired competitive FWGS
reaction has to be avoided to optimize the MeOH selectivity.
Moreover, the extra water formed as by-product by rWGS reac-
tion could cause rapid catalyst degradation. These two factors
make pure CO, hydrogenation more challenging than conven-
tional methanol synthesis.” Another, challenge is the high
thermodynamic stability of CO,, which means that a very good
catalyst to operate at low temperatures is needed.®
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A multitude of new catalytic formulations, based on Pd/Pt
monometallic, intermetallic catalysts,>'® and In,0;,""** have
been proposed to overcome the challenges posed by a pure
CO, feed. Nevertheless, copper remains the most studied
metal mainly thanks to its abundance, low price and highly
reactive nature.”'*'* The commercial Cu-ZnO-Al,O; catalyst,
successfully used for more than 50 years for the syngas to
methanol reaction, shows reduced efficiency and faster loss of
active surface area.’®° Additives, such as ZrO,, TiO,, Ga,0;
and CeO,, have been introduced in the catalyst formulation to
improve the performance for CO, hydrogenation.”** This has
led to a greater complexity of the catalytic systems, linked to
their multi-component nature, ie. simultaneous presence of
multiple oxidic components as promoters and supports, which
makes fundamental studies on the nature of the copper active
sites and reaction mechanisms involved during CO, hydrogen-
ation more challenging. The use of an inert component, such
as a graphitic carbon support, is of importance for reducing the
catalyst’s complexity by avoiding, eg, strong metal-support
interactions.>*® These aspects determined the choice of the cata-
lysts considered in this study: a series of size-controlled Cu nano-
particles supported on a rather inert graphitic carbon material.

Copper is believed to reach and remain in the metallic state
under reaction conditions, as confirmed by experimental
studies involving (in situ) XPS, DRIFT, TEM and XAS.'7:*%7°
The catalytic properties of the different facets of copper and,
consequently, the effect of the size of the nanoparticles is still
a matter of debate.>'* Activity studies of model single crystals
such as Cu(100), Cu(111), Cu(110) and Cu(211) have suggested
structure sensitivity, with defect-rich stepped surfaces being
more active than highly coordinated flat surfaces.'®?%%°*?
Campbell et al.***® reported that the rate of CO, hydrogen-
ation was higher on Cu(110) than on Cu(100) and polycrystal-
line copper foil at a total pressure of 5 bar and a H,: CO, ratio
of 11: 1. Behrens et al.™® proposed that the presence of low-co-
ordinated sites, such as on stepped Cu(211) surfaces, could
help the adsorption of oxygen-bound intermediates and lower
the barrier of their hydrogenation. However, when supported
copper catalysts were studied, controversial results have been
reported. On the one hand, studies claim structure-insensitiv-
ity and a linear relationship between methanol formation and
copper surface area.”*** Karelovic et al.** studied the MeOH
and CO formation rates for Cu/ZnO catalysts at 7 bar,
160-225 °C and an H,/CO, ratio of 3. MeOH formation rates
were reported as independent of copper particle size, while CO
formation rates were enhanced over catalysts with smaller
copper particles. Large Cu particles (ca. 200 nm) have been
reported to favor the MeOH selectivity. On the other hand,
other studies report activity increasing or decreasing with
Cu particle size.>"***%*> Karelovic et al.*® reported a 3-fold
increase in the intrinsic formation rate of both MeOH and CO
for particles larger than 10 nm compared to 4 nm copper par-
ticles over Cu/SiO, catalysts at 8 bar, 230-270 °C and an
H,/CO, ratio of 3. Arena et al.>' report a linear relationship
between specific activity and copper particle size for Cu-Zn/
ZrO,, with turn-over frequency (TOF) increasing for nano-
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particles from 2 to 32 nm. In contrast, Natesakhawat et al.*?
reported, for Zr/Zn/Ga/Y promoted Cu catalysts, an opposite
relationship with decreasing activity with increasing particle
size. The divergent trends reported could be explained by the
different types of support and the presence of one or more pro-
moters which unequivocally influence the catalytic perform-
ance and hamper studies on copper particle size effects during
CO, hydrogenation.’

During the CO, hydrogenation reaction, methanol and CO
are both formed. Two main intermediates, formate (HCOO¥)
and carboxylic species (COOH*), can be formed over copper
catalysts during methanol synthesis.*®*®*” Formate is believed
to be the main intermediate for methanol synthesis.?”»>%3%:48:49
Formate species are formed by the interaction of atomic hydro-
gen with carbon dioxide to form HCOO* which can be further
hydrogenated to formic acid (HCOOH*) and/or dioxymethylene
(H,COO*) and, in both cases, further hydrogenation leads to
the formation of adsorbed methoxy species (H;CO*) and ulti-
mately to the final product, methanol. The second species
reported as reaction intermediate are carboxyl groups.*®
Carboxyl species have been proposed as intermediate for
methanol synthesis, but the majority of the studies report
their involvement in CO formation via an associative path.*®"!
The rWGS reaction could occur also via the redox mechanism,
which implies the direct dissociation of CO, without the assist-
ance of adsorbed H atoms.*®°2

In this study, carbon-supported copper catalysts were
synthetized by impregnation, resulting in particle sizes
ranging from 5 to 20 nm. The graphitic carbon material support
was used to allow the intrinsic effect of copper particle size to
be studied, avoiding any influence of oxidic components. A
strong influence of particle size on methanol selectivity was
found. DFT calculations were employed to calculate the for-
mation free energy for various reaction intermediates over the
different exposed Cu facets and unravel the origin of the copper
particle size effect during the CO, hydrogenation reaction.

Experimental
Catalyst synthesis

Carbon graphene nanoplates (GNP500 from XG Sciences) were
used as support. The pristine support had a Brunauer-
Emmett-Teller (BET) surface area of 496 m> g~ and a total
pore volume of 0.91 cm® g~'. Copper was deposited by incipi-
ent wetness impregnation using an aqueous copper nitrate
solution (1-3 M), followed by drying and heat treatment in
order to obtain the active copper metallic phase. A range of
synthesis approaches was used to vary the copper particle
size.>>> Firstly, the metal concentration in the precursor solu-
tion was varied, and hence the Cu weight loading (5.2-14.1%).
Secondly, the temperature (200-300 °C) and atmosphere (pure
N, followed by 10 vol% H,/N, or only 20 vol% H,/N,) during
the precursor decomposition and reduction of the oxide were
varied. Further details on the synthesis procedure and adopted
parameters are described in section S1.f Copper-based hydro-
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genation catalysts often show, during the first hours in a reac-
tion gas feed, slight changes in the catalytic performance
mainly due to nanoparticle restructuring.'>*°> Hence an acti-
vation procedure was performed. This procedure consisted of
exposing the catalysts to the reaction conditions (260 °C, 40 bar(g)
pressure of CO,/H,/He gas mixture) for 20 hours. After the
activation procedure, performed in the catalytic setup, the
samples were slowly passivated by air exposure at room temp-
erature and subsequently analysed by transmission electron
microscopy (TEM) and powder X-ray diffraction (XRD). The cat-
alysts were named X_Cu/C, in which X represents the surface-
averaged CuO size in the activated catalyst measured by TEM.

Catalyst characterization

Surface area (Sgpr) and total pore volume (V}) of the pristine
supports were determined from N, physisorption measure-
ments at —196 °C in a TriStar Plus II gas-volumetric apparatus
(Micromeritics), using Carbon Black STSA as a reference. The
specific surface area of the support was calculated by fitting
with a Brunauer-Emmett-Teller isotherm,’® whereas the total
pore volume was derived from the absorbed volume of nitro-
gen at p/p, = 0.95.

X-ray diffraction (XRD) was performed on a Bruker AXS D8
Advance diffractometer using Co (K, = 1.79026 A) radiation.
Patterns were collected from 20° to 70° 2. Diffractograms were
measured in inert Ar atmosphere (silicon wafers with an X-ray
transparent airtight dome) for the reduced catalysts and in air
for the passivated and activated catalysts. All diffractograms
were normalized to the intensity of the graphitic carbon (002)
diffraction peak at 30.9° 26. The crystallite sizes were calcu-
lated by applying the Scherrer equation to the Cu® (200) diffrac-
tion at 59.3 degrees.’”

Transmission electron microscopy (TEM) was performed
either on a Tecnai 20 (FEI) or on a Talos F200X (FEI), both
operated at 200 kV. TEM samples were prepared by directly
applying the pre-ground sample powder to copper carbon-
coated TEM grids (Agar, 300 mesh). TEM imaging was per-
formed on the passivated catalysts, the activated catalysts and
the used catalysts. The size of >400 nanoparticles was deter-
mined using Image] software. All particle sizes are reported as

N
Sa
=1

surface-averaged particle size | ds = ; with the corres-
> &
i=1

ponding  standard error in the  particle size

Catalyst performance

The performance of the catalysts was investigated in a gas-
phase fixed-bed 16 parallel reactor system (Flowrence,
Avantium). Each stainless steel plug flow reactor of 2.6 mm
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inner diameter was loaded with 4.2 mg of Cu mass on carbon
(sieve fraction 75-150 pm) diluted with SiC (212-425 pm), with
an inert fraction between 0.6 and 0.9. Prior to reaction, the cat-
alysts were reduced in situ in 10 vol% H,/N, flow at
10.9 mL min~" 200 °C for 3.5 hours with 2 °C min™" under
atmospheric pressure. Afterwards, the temperature was
lowered to 120 °C and the atmosphere was switched to
H,/CO,/He = 67.5/22.5/10 vol% and the reactor was pressur-
ized. Two separate runs were performed to evaluate the long-
term stability of the catalysts and the catalytic performances at
different temperatures.

For the isothermal stability test, after introduction of the
H,/CO,/He = 67.5/22.5/10 vol% mixture, the temperature was
set to 260 °C and the pressure to 40 bar(g). These conditions
were kept constant for over 140 hours. During the performance
evaluation test, first a 23 hours stabilizing protocol was per-
formed to ensure the steady state operation and minimize the
influence of activation/deactivation behavior. The stabilizing
protocol was performed at 260 °C temperature and 40 bar(g)
pressure under H,/CO,/He = 67.5/22.5/10 vol% at
2.5 mL min~" atmosphere. The catalysts characterized after
undergoing the stabilizing protocol will be referred to as ‘acti-
vated catalysts’. Subsequently, without changes in the gas flow,
the reactor temperature was lowered to 200 °C and the temp-
erature was then varied between 200 and 260 °C, with isother-
mal segments of 20 hours for each temperature.

Reactants and products of the reactions were analyzed
online with an Aligent 7890B gas chromatograph at 14 min
intervals. Permanent gasses were separated on a HayeSep Q
column (0.5 m x 1/8 inch ID) and MolSieve 5A column
(2.4 m x 1/8 inch ID) and analysed using a thermal conduc-
tivity detector. Hydrocarbons and oxygenates were analysed
using two separate flame ionization detectors, in combination
with a GS-GasPro column (30 m x 0.32 mm ID) and a
HP-Innowax column (30 m x 0.32 mm ID). Details on the cal-
culations of activity and selectivity are given in section S2.t

DFT calculations

DFT calculations were carried out using the Vienna Ab Initio
Simulation Package (VASP)*®*° and the Atomic Simulation
Environment (ASE)®® employing the Bayesian error estimation
functional with van der Waals corrections (BEEF-vdW)°"®* and
the projector-augmented wave (PAW) potentials.”> We chose
the BEEF-vdW functional as it has a reasonable performance
regarding adsorption energies on transition-metal surfaces.®*
Importantly, this functional has also been shown to success-
fully describe processes on copper surfaces relevant for the
CO, hydrogenation to methanol.®® The lattice constant of bulk
copper was optimized to 3.664 A using an energy cutoff of
800 eV and a 16 x 16 x 16 Monkhorst-Pack®® k-point sampling.
The kinetic energy cutoff for all slab calculations was 450 eV.
The surfaces were modelled by 4 layer supercells separated by
18 A in the z-direction. The different sizes and corresponding
k-point sampling used to calculate the various coverages are
given in Table S4.1 In all calculations the bottom two layers
were kept fixed at the bulk position while the top two layers
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and the adsorbate were allowed to relax until atomic forces
were smaller than 0.01 eV A~*. Adsorption energies were calcu-
lated relative to the corresponding gas-phase species (CO, and
1 H, in the case of formate and carboxyl). The correction of the
well-known gas-phase errors for CO, (+0.41 eV) and H, (+0.09 eV)
has been taken from the literature.”® Using this correction
we obtain an adsorption enthalpy of formate on Cu(100) of
84-91 kJ mol ™" for coverages of 0.12 to 0.5 ML. This compares
with 80-100 kJ mol™" reported for measurements on Cu(100)
single crystal surfaces.®” Zero-point energy (ZPE) and entropic
contributions were taken from the literature as obtained for
the Cu(211) surface calculated with the BEEF-vdW functional®”
and are listed in Table S51 and the total energies of all systems
reported here in Table S6.

Results and discussion
Catalyst stability and structural properties

Carbon was selected as support material to avoid strong
metal-support interactions while studying the relationship
between the catalytic performance during CO, hydrogenation
and Cu particle size. However, the use of a support with a rela-
tively weak interaction can result in a rapid loss of accessible
metal surface area due to particle growth.>> Hence, we first
evaluated the stability of the Cu/C catalysts under isothermal
reaction conditions, ie. at 40 bar(g) and 260 °C for over
140 hours on stream. A typical reaction profile of CO, conver-
sion and selectivity towards methanol is shown in Fig. 1. After
an initial decrease in the first 20-40 hours, the CO, conversion
remained stable around 10%. Under these experimental con-
ditions, equilibrium corresponds to 22% CO, conversion.
MeOH and CO were the two main products detected. MeOH
and CO selectivity remained stable around 19% and 81%
respectively under these conditions.

25 80
@ CO, conversion (%)

| m MeOH selectivity (%)
—~ 20 | -
N 4160
c P >
9 15l0 1 s
2 ° S
g I %“ ) 1% 1
§ 10] 1 06000 0ee | &
o Speececotvely) T
o {20 S
O 5L ‘.‘__—_.—-"_ s

L L |

]

0 LN B B B | 0

X 1 4 T % 1 L 1
0 20 40 60 80 100 120 140
TOS (h)
Fig.1 CO, conversion and methanol selectivity as a function of
time on stream (TOS) for the 4.7_Cu/C catalyst with 5.2 wt%

Cu. Reaction conditions: 4.2 mg of Cu per reactor, 40 bar(g), 260 °C,
600 mL min~! g, %, H,/CO,/He = 67.5/22.5/10 vol%.
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Particle growth during catalysis was evaluated by comparing
the Cu particle size before and after catalysis and the surface-
normalized turn-over frequencies at the beginning of the cata-
Iytic test and after 140 hours on stream. The 4.7_Cu/C catalyst
showed an increase in Cu particle size from 3.9 + 0.9 nm to
4.9 £ 1.2 nm. The complete collection of transmission electron
micrographs and particle size distributions of the as-synthe-
tized and used catalysts is depicted in Fig. S1 and Table S1.f
The TOF was 3.1 x 107> s~ after 8 hours on stream consider-
ing the initial Cu particle size, and 2.4 x 107> s™' after
140 hours on stream considering the final Cu particle size.
Hence particle growth was limited, and the loss of active
surface area seemed to be the main cause of activity loss.

The most representative image of the catalysts under reac-
tion conditions, considering the initial changes in activity and
selectivity during catalysis, is represented by the catalysts after
exposure to reaction conditions (260 °C, 40 bar(g) pressure of
CO,/H,/He gas mixture) for 20 hours, the so-called activation
procedure. Table 1 shows the structural properties of a series
of Cu on carbon catalysts that underwent the activation pro-
cedure, showing different particle sizes. Fig. 2 (frame a and b)
shows transmission electron micrographs and particle size dis-
tributions for two representative Cu/C catalysts. The complete
collection of micrographs is depicted in Fig. S1,f and pro-
perties reported in Table S1.

TEM analysis showed highly dispersed copper nanoparticle
(black dots) on the graphitic carbon sheets for all the catalysts.
The diffractograms of the activated catalysts are shown in
Fig. 2 (frame c), while the diffractograms of the as-synthetized
and used catalysts are shown in Fig. S2.1 Next to the graphitic
carbon diffraction peaks, diffraction lines are present that can
be attributed to CuO, Cu,O and metallic Cu. As expected from
the short exposure to air of the samples after activation,
different phases of copper oxide were present. The 19.4_Cu/C
catalyst exhibited the most intense diffraction peaks of
cu® (111) and (200) as well as of Cu®" (002), in accordance with
the highest Cu weight loading. TEM and XRD analysis prove
that catalysts with particle sizes in the range of 4.7 to 19.4 nm
were obtained after activation. By comparing the structural
properties and particle sizes of the as-synthetized catalysts, as

Table 1 Structural properties of the carbon-supported Cu catalysts

Culoading d+ 064" Cu® crystallite

Name (Wt%) (nm) size? (nm) Cu dispersion® (%)
4.7_Cu/C 5.2 4.7+12 — 22.1
5.8_Cu/C 9.9 58+1.6 — 17.9
11.2_Cu/C 9.9 11.2+3.6 7.5 9.3
12.8_Cu/C 9.9 12.8+4.1 9.6 8.1
19.4_Cu/C 14.1 19.4+6.4 12.4 5.4

“TEM-derived surface-averaged particle size and relative size distri-
bution. ? Cu® crystallite size as determined by XRD using the Cu® (200)
diffraction peak of the activated catalysts. “ The Cu dispersion (fraction
of surface Cu atoms at the surface) calculated using the TEM-deter-
mined mean diameter (ds) of the activated catalyst. More detail are
given in the ESI (section S27).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Transmission electron micrographs with corresponding particle
size distributions of the 4.7_Cu/C (a) and 19.4_Cu/C (b) catalysts after
activation. (c) Powder X-ray diffractograms of the activated Cu/C cata-
lysts, diffractograms normalized to the intensity of the carbon (002)
diffraction peak and vertically offset for clarity.

reported in Table S1,f it is evidenced that the diversity and
broad range of sizes, from 3.9 to 18.0 nm in the fresh catalysts,
was preserved during the activation procedure. By comparison
of the particle sizes of the activated and used catalysts, it is
noted that average particle sizes do not vary significantly
beyond the activation procedure (Table S1}). The average par-
ticle sizes, as determined by TEM, of the 4.7_Cu/C and 19.4_Cu/
C catalysts after activation are 4.7 and 19.4 nm, while after
120 hours on stream are, respectively, 4.9 and 21.2 nm. This
highlights the importance of the activation procedure to obtain
structurally stable catalysts in order to study the influence of the
copper particle size during CO, hydrogenation reaction.

Copper particle size effect on CO, conversion

The performance of the Cu catalysts in CO, hydrogenation,
with copper particle sizes ranging from 4.7 to 19.4 nm
(referred to the activated state), was investigated under a 3:1
ratio of H,/CO, mixture at 40 bar(g) in the temperature range
between 200 and 260 °C. Fig. 3 reports the CO, conversion and
weight-normalized copper time yield (CTY) for selected Cu/C
catalysts. A limited loss of activity is observed at 260 °C during
the first 20 hours of catalysis, as reported above. After the first

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Characteristic profiles for CO, conversion and weight-normal-
ized copper time yield for Cu/C catalysts as function of TOS (h) at
different temperatures. Reaction conditions: 4.2 mg of Cu per reactor,
40 bar(g), 600 mL min~! gc, ™%, H/CO,/He = 67.5/22.5/10 vol%.

20 hours, the conversion is stable at all the temperatures
tested.

The relationship between TOF and surface-averaged Cu par-
ticle size after use is shown in Fig. 4. Approximately a 3-fold
increase in TOF was observed with increasing surface-averaged
Cu particle size from 5 to 13 nm (at 260 °C the TOF increased
from 2.6 x 107 s7' to 7.5 x 107> s*), while no further increase
was observed for particles larger than 13 nm. These results
confirm that the CO, hydrogenation reaction is sensitive to the
Cu particle size. A similar trend was observed at lower temp-
eratures (Fig. S31). At 260 °C the CO, conversions were rela-
tively high (7-15%), but still well below the equilibrium con-
version (22%); see Fig. S47t for a graphical comparison.

A similar copper particle size effect has been observed for
methanol synthesis from CO, enriched syngas®® as well as for

20 25
e Pre-exponential factor
L » TOF CO, at 260 °C
42.0
< 15
n
= 415
A ~
o w0} & =3
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[~ . .
5F H%—{
J '—$— 40.5
- .
0 v T ¥ T T T T T T T v 0.0
0 5 10 15 20 25 30
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Fig. 4 TOF and pre-exponential factor as a function of Cu particle size.
Line is drawn to guide the eye. Reaction conditions: 4.2 mg of Cu per
reactor, 40 bar(g), 260 °C, 600 mL min~* gc, ™%, H./CO,/He = 67.5/22.5/
10 vol%.
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ethyl acetate hydrogenation,* while for CO, hydrogenation to
methanol divergent results have been reported. Arena et al.*'
reported that the TOF of Cu-Zn/ZrO, catalysts increased line-
arly with increasing Cu particle size in the range between 2
and 32 nm. On the other hand, Natesakhawat et al.** showed
an opposite trend for Cu catalysts containing Zr/Zn/Ga/Y in
different combinations. In both studies, the presence of pro-
moters and the use of oxidic supports might have obscured
the intrinsic relationship between the Cu particle size and
catalytic performance. An overview of CO, TOF values observed
in this study and values reported in literature is reported in
Fig. S5 and Table S2.1 CO, TOF values reported in this study
are of the same order of magnitude as those previously
reported. However, this is the first time that the effect of the
copper particle size supported on rather inert carbon support
has been studied at industrially relevant conditions (40 bar(g)
pressure and 200-260 °C).

Different phenomena can lead to particle size effects such
as size-dependent interactions with the support, electronic
particle size effects and structure sensitivity of the reaction
itself.®>’® The chemically inert nature of the carbon support
makes a strong influence of the support unlikely.”*”? In the
size range studied (larger than 3 nm), electronic particle size
effects are not expected to play a significant role.®®’*”> The
particle size effect observed in these systems is hence likely
due to structure sensitivity, which is related to the size depen-
dence of the fraction of different types of copper surface sites.

The apparent activation energies were calculated using the
Arrhenius model (Fig. S6t frame a). The obtained energy
values for CO, hydrogenation (Table S3 and Fig. S6+ frame b)
were, within the error, size-independent with an average E, of
74 + 7 k] mol™". The pre-exponential factor (4) was calculated
using the surface-normalized CTY and an averaged E, of
74 KkJ mol™'. The pre-exponential factor increased from
3.7 x 10° for 4.7 nm particles to 1 x 10’ for 12.8 nm and did

a 70
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- 60 |- = 5.8_Cu/C 0 220°C
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= 50 ——12.8_Cu/C .
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not increase further for larger nanoparticles. This suggests the
presence of well-defined and size-independent active Cu sites
responsible for CO, conversion, for which the relative abundance
increases with increasing particle size up to around 13 nm.

Influence of copper particle size on product selectivity

So far we have only considered the effect of copper particle
size on the overall conversion of CO, without considering the
products formed. Methanol and carbon monoxide were the
main products for all catalysts at all temperatures tested
(200-260 °C). Additionally, traces of CH, (less than 0.6%
selectivity) were observed at temperatures above 220 °C, which
might be due to minor contamination.® Fig. 5 (frame a)
shows the methanol selectivity for different Cu particle sizes as
a function of CO, conversion. Different CO, conversions were
obtained by varying the temperature in the range of
200-260 °C. For all particle sizes, the MeOH selectivity
decreased as the conversion increased.

When comparing at constant conversion (Fig. 5 frame b),
the influence of particle size on selectivity is even more clear.
Small nanoparticles display a greatly enhanced selectivity
towards MeOH over CO as a product. For example, at 5% CO,
conversion 4.7_Cu/C shows a MeOH selectivity of 34%,
whereas 19.4_Cu/C presents a MeOH selectivity of around 15%
only. This influence of the particle size on product selectivity
cannot be explained by the impact of conversion effect; it is
clearly an intrinsic particle size effect.

To better understand the origin of the observed particle
size effect, we considered separately the methanol and carbon
monoxide formation rates. MeOH and CO turn-over-frequen-
cies (respectively TOFy.on and TOF¢o) are displayed in Fig. 6.
The TOF¢o at 260 °C clearly increased from 1.9 x 107> s™" to
9.4 x 10~* 5! when the Cu size increased from 5 nm to 20 nm.
The data on the formation rate of MeOH suggest a size-inde-
pendent TOFy.on Of 8.4 x 10~ 57" on average, perhaps with

b

N
[=2]
o

® 5% CO, conversion

40 | N |

20 - AN

MeOH selectivity (%)
8
/

ds (nm)

(a) MeOH selectivity as a function of CO, conversion for catalysts with different Cu particle sizes. (b) Selectivity to MeOH as a function of Cu

particle size for a CO, conversion of ~5%. The trend line was added to guide the eye. Reaction conditions: 4.2 mg of Cu per reactor, 40 bar(g),

600 mL min~! g, %, H,/CO,/He = 67.5/22.5/10 vol%.
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Fig. 6 MeOH and CO TOF as a function of the Cu particle size. Trend
lines were added to guide the eye. Reaction conditions: 4.2 mg of
Cu per reactor, 40 bar(g), 260 °C, 600 mL min* gc, ™%, H,/COy/He =
67.5/22.5/10 vol%.

the exception of the smallest particles that apparently have a
lower TOFy.on. Consequently, as the CO formation is much
less favourable on smaller Cu clusters, they show the highest
methanol selectivity.

The apparent activation energies for MeOH as well as for
CO formation calculated using the Arrhenius model (Fig. S7t)
are reported in Table S3.7 The apparent activation energies for
MeOH formation ranged from 55 to 76 kJ mol ", with data
suggesting a slight increase for larger particle sizes. In litera-
ture, apparent activation energies for methanol formation of
73-100 k] mol™" have been reported for Cu-SiO, catalysts and
of 77 k] mol™ for polycrystalline Cu foil.>*>** Carbon monox-
ide formation apparent activation energies ranged from 108 to
126 kJ mol™, with no significant dependence on particle size,
while reported literature E, values for Cu/SiO, and polycrystal-
line Cu foil were 100-118 kJ mol™* and 135 kJ mol™*
respectively.>®*> Therefore, the values obtained in this work
are in line with the previously reported values for similar
copper-based catalysts. The high MeOH selectivity of the smal-
lest particles is here probably due to a lower fraction of sites
that favour CO formation.

The origin of the particle size effect

MeOH and CO formation show two distinctly different and
size-independent activation energies suggesting that the
nature of the sites where MeOH and CO are formed is the
same regardless of the size of the nanoparticles. Moreover, a
higher value of apparent activation energy for CO
(118 + 6 kJ mol™") than MeOH (63 + 7 k] mol ") indicates that
MeOH is unlikely to be formed via CO intermediates. TOF¢o
and TOFyon show different particle size-dependence. In par-
ticular, CO TOF increases with an increase in particle size,
since this dependence cannot be correlated to changes in the

This journal is © The Royal Society of Chemistry 2022
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nature of the active site, which indicates that the abundance of
active sites for rWGS reaction increase with an increase in par-
ticle size. In order to understand the particle size effect in
terms of surface sites that are likely to be more active for
MeOH synthesis and which for CO formation, we calculated
the theoretical fraction of different surface sites and the corres-
ponding adsorption free energies for reaction intermediates by
DFT calculation.

We note that the smallest particles considered in this work
are in the range of 3.9 + 0.9 nm, which is above the limit above
where electronic particle size effects have been shown to dis-
appear for copper nanoparticles. This was evident from calcu-
lated adsorption energies of atomic oxygen, an important
descriptor for CO, hydrogenation, which reached the bulk
limit from 2.5 nm particles onwards.”® We, therefore, turned
our attention to another factor that is dependent on the par-
ticle size: the ratio of various surface terminations. Thus, we
considered how the concentration of these surface sites varies
with particle size. This is shown in Fig. 7 (frame a) where the
fraction of surface atoms exhibiting a specific generalized
coordination number (GCN)”’ is given as a function of particle
size assuming ideal cuboctahedral copper particles. We stress
that this analysis assumes ideal particle shapes and that our
aim is to deduct qualitative trends rather than quantitative
numbers. Fig. 7 (frame a) shows that the number of edge sites
with a GCN of 5.33 decreases from around 20% to less than
5% when going from 3 to 30 nm. On the other hand the frac-
tion of the more close packed (111) and (100) facets increases
from 3 and 10% to more than 30 and 50%, respectively. The
decrease in rWGS rate with decreasing size seems related to a
decrease in concentration of terrace sites (e.g. (100) surfaces).

Both, CO, hydrogenation to methanol and the rWGS have
been shown to be structure sensitive on copper
surfaces.'®?3%3% For methanol synthesis, it has been shown
that sites with a low coordination number are more active, e.g.
when comparing single crystal measurements on Cu(100) with
those on Cu(110).'9?%3%3%78 gurface defects, as e.g. modeled
by Cu(211) surfaces have indeed been suggested as active sites
for copper-based catalysts." Likewise, the rWGS has also been
shown to exhibit lower barriers on more undercoordinated sur-
faces, although kinetic modeling indicates that this does not
necessarily translate to higher reaction rates.>®?®*%7%8% An
interesting difference between methanol and CO formation is
that the former is assumed to proceed via the formate inter-
mediate, while CO formation occurs either via the carboxyl
intermediate or through direct splitting of CO,.>"*%4647,81,82
The higher apparent activation energy for CO than MeOH for-
mation suggests that it is implausible that CO is a main inter-
mediate in the MeOH synthesis. Given that formate is the only
intermediate that is found to have significant surface cov-
erages, we calculated the adsorption free energy of formate on
a range of different copper surfaces for coverages of up to
1 mono layer (ML) using density functional theory (DFT) (see
Fig. 7 frame b). The GCN for our models of edges ((211) and
(110) surfaces) and corner atoms ((321) surface) differ slightly
from that of the cuboctahedral particle, but they are close
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Fig. 7 (a) Fraction of surface atoms with a specific GCN as a function of
particle diameter for cuboctahedral particles. GCN for the various
surface atoms of a Cuy4;5 particle are shown in the inset. (b) Adsorption
free energy of formate as a function of coverage for Cu(111l) (pink),
Cu(100) (blue), Cu(211) (red), Cu(110) (orange) and Cu(321) (black) sur-
faces at 500 K and 1 bar of H, and CO,. The coverage is normalized to
1 ML for one formate per two copper atoms of the corresponding facet
(see section S31 for structures). (c) Adsorption energy of formate
(squares) and CO (triangles) as a function of GCN.

enough to be used as a rough guidance. Our calculations
reveal that the adsorption free energies decrease in the order
Cu(321) =~ Cu(110) > Cu(211) > Cu(100) > Cu(111).
Interestingly, the effect of coverage (here 1 ML is defined as
one formate per two copper surface atoms, see section S31 for
details) is small for the (211) and (110) surfaces but has a sig-
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nificant influence on the binding energy on Cu(111) and
Cu(100). Importantly, at 500 K the adsorption free energy of
formate on the (211) and (110) surfaces is negative, but posi-
tive on (111) and (100). This indicates that both (211) and
(110) are covered by close to 1 ML of formate, while the cover-
age is significantly smaller on (100) and (111).

Fig. 7 (frame c) shows the adsorption free energies of
formate as a function of the GCN at a 1/2 ML coverage for the
various surfaces. As can be seen, the adsorption free energies
scale linearly with the GCN. This allows to estimate adsorption
free energies for the corner and edge sites of cuboctahedral par-
ticles (see insert in Fig. 7 frame a). For both facets, the adsorp-
tion free energy of formate is exothermic and we thus expect a
similar behavior as observed for (211), (110) and (321) facets.

Assuming that formate can only be converted to methanol,
this would indicate a strong preference of methanol formation
on Cu(211) and Cu(110), which we use here to model the edge
sites of the copper nanoparticles. On the other hand, the lower
coverage of formate on Cu(111) and Cu(100) might indicate
that one or both of these sites are the predominate source for
CO formation. Coverages of the carboxyl (COOH*) intermediate
as well as CO* reveal similar trends and are given in the
section S3 of the ESI.{ These findings roughly correlate with
the analysis of the fraction of surface sites shown in Fig. 7
(frame a). This would explain why CO formation strongly
decreases for the smallest Cu particles and hence overall the
smallest particles give the highest MeOH selectively.

Conclusions

The effect of copper particle size was investigated for CO,
hydrogenation reaction over carbon-supported copper catalysts
with particle sizes between 5 and 20 nm. We found that CO,
hydrogenation is clearly a structure sensitive reaction. Cu
nanoparticles smaller than about 13 nm showed low activity,
but high MeOH selectivity. Two distinctly different and particle
size-independent activation energy values were found for
MeOH and CO formation. DFT calculations revealed that the
formation free energy of formate, the main intermediate in
methanol formation, is negative on the corner and edge sites,
while being positive on terrace sites which are more abundant
on larger particles. Therefore, small Cu nanoparticles having a
surface dominated by corner and edge sites, have a high ratio
of methanol to CO formation, which can be explained by a
higher formate coverage. This work is intended to provide new
guidelines for the design of novel methanol synthesis catalysts,
crucial for the effective utilization of CO,.
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