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Co-precipitation was used to prepare a copper, zinc, and aluminium hydrotalcite-like precursor to make a
methanol synthesis catalyst. Treatment of the wet precursor with an aqueous miscible organic solvent led to the
delamination of the sheet-like structure of the precursor phase, dramatically increasing the surface area to 340
m? g~ in comparison to 22 m? g~! for the untreated material. We show that the copper is initially sequestered
within the hydrotalcite phase, and during calcination a CuO phase evolves out from the lamellar structures.
Reduction proceeds to Cu’, and neither the calcination nor reduction of the material cause the loss of the lamellar
morphology. This leads to high Cu’ surface areas in the final catalyst (66 m? g~!) and high activity in the
methanol synthesis reaction.

1. Introduction

With the continuing rise in global CO, levels, and its links to
anthropogenic climate change, there has been an increasing drive to-
wards greener technologies involving the capture, sequestration and
utilisation of CO; [1]. The hydrogenation of CO5 to produce methanol is
an attractive method of utilisation as methanol has a broad range of
possible applications, such as in fuels or as a chemical precursor. It is
also possible that this synthesis can be carried out in a fully green
manner; by using recaptured CO, and hydrogen generated from
renewable sources such as solar powered electrolysis of water, for
example [2]. This can allow the process to also be used as a hydrogen
storage method, further enhancing its green credentials. The concept of
using CO3 and methanol in these manners was popularised by Olah, who
referred to it as the anthropogenic carbon cycle [3].

Methanol production currently stands at 110 Mtons per annum from
over 90 plants around the world [4]. The primary method of production
is from a mixture of carbon monoxide, carbon dioxide, and hydrogen
(syngas) at elevated pressures and moderate temperatures. The process
for methanol from CO; hydrogenation differs in that the feed gas does
not contain carbon monoxide, and follows the following reaction
scheme (1):

CO, +3 H,—»CH;0H + H,0 (€D)]

In the industrial synthesis, the carbon monoxide present in the feed
undergoes the water-gas shift reaction (2) with the water produced,
giving the overall reaction stoichiometry of (3).

CO +H,0-CO, +H, 2)

CO +2 H,—CH;0H 3

Due to the lack of carbon monoxide in the feed gas, the products from
CO; hydrogenation will contain much higher proportions of water

The catalysts used to perform either form of the reaction are pre-
dominantly Cu/ZnO/Al;03 materials, typically synthesised by copreci-
pitation of a zincian malachite precursor. A large body of research exists
regarding this system, and it is widely accepted that high copper surface
areas and the presence of zinc oxide in close proximity to the copper are
required for a high activity catalyst [5].

Another potential precursor that has been investigated is copper-
modified hydrotalcites. Hydrotalcites belong to a category of material
known as a layered double hydroxide (LDH), which are represented by
the formula [M34M2+(OH)2](A™)y/n-mH20 [6]. The archetypal hydro-
talcite consists of Mg?" and AI** in brucite-like layers of octahedrally
coordinated metal hydroxides with carbonate CO3~ as an intercalated
anion (see Fig. 1), but a wide range of viable substitutions for the M2+
(Ca®*, zn**, Ni*T, Cu®", Co?", Fe*") and M3 (Cr®7, Ga3™, Y3, Mn*")
cations exist [7-11].
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Fig. 1. Schematic representation of the structure of hydrotalcite.

The substitution of copper into these materials faces an additional
complication, in that Jahn-Teller distortions of the octahedral structure
can lead to destabilisation of the hydrotalcite lattice. Nonetheless,
numerous examples of partially substituted Cu-containing materials
exist in the literature; of particular interest is the substitution of both
copper and zinc as the M?* cation, as this generates a material with the
same elements as the Cu/ZnO/Al,O3 methanol synthesis catalysts [12].
These materials have usually suffered from low overall surface areas as
the layers of the lamellar structure aggregate upon drying [13].

Numerous methods have been employed to delaminate the hydro-
talcite phase to produce higher surface area materials, but these
generally require the use of expensive surfactants and exfoliation tech-
niques [14-17]. However, a method was developed by O’Hare et al. in
which the material was prevented from aggregating upon drying,
thereby generating a high surface area without the need of exotic
techniques. This was achieved simply and cost effectively through the
replacement of the inter-layer water with an aqueous-miscible organic
solvent, which is then removed in the drying step [18-20].

The initial research into this method was used to allow for the
redispersion of hydrotalcites in organic media, and in this study we
assess the ability of the technique to generate high surface area catalyst
precursors for methanol synthesis catalysts. The catalysts generated
from the hydrotalcites are compared to catalysts generated from the
conventional zincian malachite precursor, and also against a commer-
cial methanol synthesis catalyst.

2. Results and discussion

The preparation of the materials used in this work are described in
the experimental section below. The objectives were to prepare Cu and
Zn substitutes hydrotalcite materials, and to make them with very high
surface area, much higher than normal Cu-ZnO-Al,O3 (CZA) type ma-
terials. The latter are generally made by co-precipitation of nitrates with
sodium carbonate, to produce a hydroxycarbonate material with
malachite-type structure. Here we approach the problem using Cu and
Zn substituted hydrotalcites and use delamination of those precursors to
make higher area materials in which Cu is supported on the oxidic
layers. Untreated copper zinc aluminium hydrotalcite is labelled
CZA—U, and the delaminated material (which undergoes a delamina-
tion treatment prior to drying) is labelled CZA-DL, while zincian mala-
chite is ZM. The calcined CZA-DL is labelled CZA-DL-C, the reduced
version is CZA-DL-R and the post-reaction material is CZA-DL-PR.

2.1. Composition and structure

The precursors, after preparation and drying at 110 °C for 16 h, were
analysed by XRD, MP-AES and EXAFS. The XRD patterns of the pre-
cursor materials are shown below in Fig. 2. The ZM precursors displayed
an XRD peak pattern characteristic of the malachite phase (ICDD
01-075-1163), indicating the successful formation of the intended

Catalysis Communications 179 (2023) 106694

—— CZA-DL
. — CZA-U
E —ZM
—— Hydrotalcite
z |
c
:) -
£
<
2
‘® 4
c
2
E -
‘ [ | |1
T T T T T T 1
10 20 30 40 50 60 70 80

20

Fig. 2. Powder XRD patterns of the copper zinc aluminium hydrotalcite
(CZA—U, middle), treated CZA-DL (top) and ZM (bottom) precursors. Reference
pattern of Mg hydrotalcite (ICDD 00-022-0700) included.

hydroxycarbonate. The peaks are sharp, indicative of a low area mate-
rial. The CZA-U precursors displayed a slightly shifted pattern when
compared to a pure hydrotalcite phase, which is thought to be due to the
substitution of the magnesium in such a system with zinc and copper in
our material. Nonetheless the peak positions and relative intensities are
otherwise consistent with a zinc-based hydrotalcite (ICDD 01-074-
2703). The treated CZA-DL precursors display broadened peaks at
similar angles to the untreated CZA-U precursor pattern, which would
indicate that a similar material has been formed. The broadening is
probably due to the beginning of delamination, and is particularly
evident in the [003] peak at 11.7°. However, the presence of peaks in-
dicates that the material has not been fully delaminated, as a single layer
of material would not produce such an XRD pattern. When these ma-
terials are heated then the delamination becomes much clearer. Fig. 3,
shows a complete loss of the [003] peak, and also of the [006] peak at
23°. This is thought to be indicative of the delamination treatment
resulting in replacement of the interlayer water with acetone, which is
then driven out by heating to affect the delamination. The other peaks
are very broad, except there appear to be the formation of very small
amounts of other phases, mostly malachite, of low area (sharp peaks).

—— Unheated, 16h
—— 110°C, 1h
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Fig. 3. XRD of the precursor material (CZA-DL) before and after drying at
110 °C for different times.
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The different morphologies of the precursors can be seen through
electron microscopy. SEM images show the aggregated plate-like
structures of the hydrotalcites compared to the more rod-like struc-
tures of the malachite precursors (Fig. 4). The delaminated morphology
of the treated CZA-DL precursors can be clearly seen by TEM (Fig. 5),
with the thin sheets easily distinguished from the more aggregated
arrangement of the untreated precursors. There do not appear to be any
discrete particles visible for either of these precursors, indicating that
the component elements are distributed throughout these sheets.

Analysis of the precursors by microwave plasma atomic emission
spectroscopy confirmed that all precursor materials had a composition
of 50% Cu, 25% Zn and 25% Al with an error of approximately +1%.

We carried out XAS measurements on our samples. Cu K-edge
interpretation is challenging due to the multiplicity of final states (3d, 4p
or 4 s), containing multiple absorption features. Cu- K-edge E, values
were obtained from the first derivative corresponding to the 1 s-4p
electronic transition. Energies associated with 1 s-3d, 1 s—4 s and 1 s-4p
Cu K-edge electronic transitions obtained from the first derivative can be
found in Table 1 (the derivative curves for the XAS are shown in the
supplementary information, Figs. S1 and S2). Transition energies ob-
tained for Cu, CupO and CuO standards agree with energy values re-
ported previously for similar materials [21,22].

The normalised XANES of the dried and calcined CZA-DL samples
(Fig. 6) shows that the 1 s-4p transition at 8996.0 eV falls between
values observed for Cuy0 (8995.5 eV) and CuO (8997.3). Pre-edge ab-
sorption (1 s-3d transition) was observed (see Fig. 6 insert), which
suggested a Cu®>" oxidation state, and the general form of the spectra
seems to more closely resemble Cu?t than Cu®. The lower pre-edge
absorption energy of the dried material compared to CuO might indi-
cate a change in the metal ion symmetry from octahedral to tetrahedral
as observed for CuAlyOy4; for a tetrahedral configuration, the 1 s-3d
transition is more favourable and translates in a higher intensity pre-
edge absorption [23]. A decrease in the ligand field strength and a less
distorted CuOg octahedron compared to CuO can also account for the
shift towards lower absorption energy [23]. It has been reported that Cu-
containing hydrotalcites where the Cu is in an octahedral coordination
environment [22] show smaller pre-edge peak area and peak height
compared to tetrahedral and square planar Cu complexes [24]. In our
case, a relatively small pre-edge peak area of 0.018 and peak height of
0.009 observed for the dried sample suggests a Cu octahedral environ-
ment. The XANES previously reported for Cu-containing hydrotalcite
with a small pre-edge and without an evident 1 s - 4 s transition [22]
suggests that the Cu in our dried sample is contained within the
hydrotalcite structure.

After calcining in air (350 °C, 3 h), XANES for the calcined material
remains like that of CuO (Fig. 6). The 1 s-3d pre-edge adsorption is
shifted towards higher energy compared to the dried material, which
suggests a stronger Jahn-Teller effect, associated with a higher
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octahedral distortion, yet indicates a Cu?* oxidation state. A shoulder
associated with the 1 s—4 s transition close to that of CuO was observed,
and the 1 s-4p energy transition shifted towards higher energy, closer to
the CuO standard, with a decrease in the absorption intensity. Linear
combination fitting (Table S1) using the dried material as a standard for
hydrotalcite suggests that 62% of the Cu evolved from the lattice as CuO
after annealing, 33% stayed within the hydrotalcite and the remaining
5% was assigned to Cuy0 (Table S1). No metallic Cu was detected. After
reduction (225 °C, 1 h), no CuO-like pre-edge absorption was observed
for the treated CZA-htl materials indicating that Cu in the sample had an
oxidation state lower than Cu?*. Absorption energies for 1 s-4 s and 1 s-
4p transitions were close in energy to the CuyO standard, however a
shoulder at 9001 eV associated with Cu® was observed (Fig. 7). Features
above this energy were lacking, which suggested little long-range order.
This might be associated with small Cu nanoparticles. XAS was
measured ex-situ and materials had been exposed to air prior to and
during analysis, thus, we hypothesise that a realistic picture of the post-
reduction material is as small Cu particles, which became passivated in
contact with air [25,26]. Note however that Kiihl et al. [12], Giinter
et al. [27] and Kleymenov et al. [21] showed that CuO first reduces to
Cu,0 before being fully reduced to Cu, and that after reduction at mild
temperature a mixture of metastable CuzO and Cu co-exists [25].

The intensity of the 1 s-4p transition after reaction intensified, whilst
the peaks associated to 1 s-3d and 1 s-3d transitions dampened and
shifted towards lower binding energy compared to the reduced material.
Moreover, characteristic features of Cu-foil up to 9300 eV, including the
peak at 9035 eV, were observed indicating that more complete reduc-
tion and possibly some sintering had occurred during reaction (Fig. 7).

XAS of the Zn K-edge for the treated CZA-DL samples was also carried
out and compared against XANES for ZnO and Zn foil used as standards
(Fig. 8). The first absorption edge for the dried material was not well
defined, but was broader, more intense and shifted towards higher
binding energy (from the first derivative as shown in Fig. S2) compared
to ZnO, which suggests an octahedral coordination in accordance with
that observed on the Cu K-edge [28]. Moreover, the XANES spectra for
CZA-DL dried resembles that reported for a Zn/Al-hydrotalcite [29],
further confirming that Cu and Zn for CZA-DL dried sample are within a
hydrotalcite structure as suggested by XRD. The first absorption edge for
the calcined material was more defined than for the dried one, but with
lower white line intensity, whilst the first scattering resonance around
9668 eV is damped. This might suggest that some Zn>" oxide centres
changed from octahedral to tetrahedral coordination [28,30]. No long-
range featured were observed indicating small particle size or an
amorphous matrix. The Zn adsorption edge for the reduced material was
at the same energy as ZnO, indicating that Zn?" was not reduced.
However, the adsorption edge decreased in intensity and the first reso-
nance peak shifted towards higher binding energy, which could be
associated to ZnO-Cu interactions [26]. No significant differences in
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Fig. 4. SEM images of the catalyst precursor materials. Left: CZA-U Middle: Treated CZA-DL Right: Zincian malachite.
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Fig. 5. TEM images of the catalyst precursor materials. Left: CZA—U, image size 500 x 500 nm.; Right: the CZA-DL, image size 800 x 800 nm.

Table 1
Cu K-edge electronic transitions obtained from the first derivative for treated
CZA-DL following different treatments.

Sample 1s-3d/ eV 1s-4s/eV 1s-4p/eV/Ep
Cu 8981.1 8993.4
Cuy0 8981.5 8995.5
CuO 8978.2 8985.8 8997.3
CZA-DL (dried) 8977.5 8988.0 8996.0
CZA-DL-C (calcined) 8977.8 8987.1 8996.6
CZA-DL-R (reduced) 8981.5 8995.9
CZA-DL-PR (post-reaction) 8981.3 8994.3
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Fig. 6. Normalised Cu K-edge XANES for CZA-DL samples; dried and calcined
samples are compared to Cu;O and CuO standards.

XANES were observed between the reduced and post-reaction samples.

2.2. Surface areas and particle sizes

The surface areas of the treated CZA-DL are significantly higher than
untreated samples and are significantly higher than the malachite-based
materials. This is due to the effect of the delamination of the samples,
with the large amounts of individual wafers presenting a far higher
amount of exposed surface, as can be seen in the TEM (Fig. 5). Whilst
some of this surface area is lost after calcination, the surface areas seem
relatively constant across the range of calcination temperatures

—— CZA-DL-R
—— CZA-DL-PR
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0.6

0.4
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Fig. 7. Normalised Cu K-edge XANES for CZA-DL samples; reduced and post-
reaction samples are compared to Cu and Cu,O standards.

(Table S2).

An in situ calcination study on the delaminated hydrotalcite pre-
cursors shows that the initial hydrotalcite peaks have disappeared
entirely by 200 °C, and there is then no observable change until 500 °C
when peaks at 35.5° and 38.8° increase in intensity (Fig. 9). These are
consistent with copper (II) oxide (ICDD 01-089-5898). Whilst the
overall surface area of the material has reduced, it is still high (179 m?
g 1), and the XRD implies that the copper oxide is segregating out of the
lattice and forming particles. This is borne out by the TEM images of
these materials, which show evidence of both the wafer structure and
larger crystallites of copper oxide (Fig. 10). This is thought to be due to
the calcination temperature of this sample exceeding the Tamman
temperature of copper oxide (527 °C), leading to significant Cu mobility
in the material. The zinc and aluminium phases possess higher melting
points and thus higher Tamman temperatures (851 and 899 °C respec-
tively), meaning that the overall lamellar structure is retained.

Below the 500 °C calcination temperature there are no significant
changes in diffraction peaks observed in the XRD patterns (Fig. 9), nor
any definable nanoparticles in TEM imaging (Fig. 10). However, after in
situ reduction at 200 °C for 1 h broad peaks at 43.1° and 50° can be
assigned to the Cu (111) and (200) planes respectively, indicating the
formation of copper nanoparticles (ICDD 01-070-3038) (Fig. 11).
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Fig. 8. Normalised Zn K-edge XANES for CZA-DL samples; dried, calcined,
reduced and post-reaction samples are compared to Zn and ZnO standards.
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Fig. 9. Powder XRD peak patterns of CZA-DL materials after calcination at
different temperatures. @ — hydrotalcite main peak positions, oA CuO main
peak positions.

Application of the Scherrer equation to the Cu (111) plane gives an
average nanoparticle size of 4 nm for the delaminated sample. TEM
images of a reduced sample of CZA-DL-R (Fig. 12) show the presence of
nanoparticles distributed across the sheets, which are assumed to be the
copper seen by XRD analysis.

By comparison, the untreated CZA-U materials show sharp peaks in
the XRD traces, with the phases being assigned to copper oxide (01-089-
5898). By the Scherrer equation these have particle sizes of 8-9 nm
(Fig. 9), and after in situ reduction at 200 °C for 1 h peaks equivalent to
the Cu (111) and (200) planes are seen (Fig. 11). Interestingly, by the
Scherrer equation the CZA-U materials have a slightly lower average Cu
nanoparticle size of 6-7 nm after reduction, although this is not reflected
in their copper surface areas. This is thought to be due to most of the
copper being unavailable at the surface, and they are trapped within the
bulk of the material.

The ZM catalyst displays the expected copper oxide pattern (ICDD
01-089-5898) upon calcination and copper metal nanoparticles post
reduction (Fig. 11). In both cases the particle size by the Scherrer
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equation is 10 nm.

The copper specific surface areas of the materials (as determined by
N-O titration) follow the trend of the overall surface area, with the CZA-
DL materials having the highest (66 m? g~!) and the CZA-U materials
having the lowest (~1 m2g™1), Table 2. It was expected that the treated
CZA-DL material would have the highest copper specific surface area
due to the combination of high overall surface area and small copper
particles. Conversely, whilst the relatively small copper metal particles
of the untreated CZA-U would imply a higher copper surface area, it is
thought that the majority of this copper is occluded within the bulk of
the low surface area material, leading to a lower amount of exposed
surface compared to the ZM and treated CZA-DL materials.

The delamination treatment appears to have a significant effect on
the reducibility of the copper as determined by TPR (Fig. 13). The CZA-U
displays peaks with an initial onset of 180 °C and peaks at 205, 235, 266,
295, and 318 °C. By contrast CZA-DL shows a lower onset temperature
and a much narrower peak profile. For CZA-DL the reduction is complete
at 295 °C compared to 340 °C with CZA—U. This increased reducibility
of the CZA-DL sample is likely to play a role in its improved catalytic
performance.

2.3. Catalytic testing

The activity and selectivity of the different materials in the CO,
hydrogenation reaction was studied at 20 bar using a gas mixture of 20%
CO9, 60% Hj, and 20% Nj. The catalysts were analysed across a tem-
perature range of 200-250 °C with a dwell time of 16 h at each tem-
perature. Initially the catalysts were pressed at 5 t pressure and sieved,
with the 425-600 pm fraction being retained for testing. The results of
this testing are shown below in Table 3.

Samples of the treated CZA-DL that were pressed at lower pressure
(0.2 t) showed a little better conversion and methanol productivity.
Unpressed samples (ie. tested in powder form) showed lower CO2
conversion, because only 1/5th of the material was used, but had greatly
increased methanol productivity; the low density of the material
necessitated a lower catalyst mass to be loaded into the catalyst tube
volume. Although the delaminated catalysts had higher total surface
area and copper surface area, with this amount of catalyst in the same
reactor volume, they showed only mild improvements over the un-
treated hydrotalcites, and were comparable to the zincian malachite and
industrial catalysts at temperatures above 200 °C. This is because the
low density treated hydrotalcites were extremely compressible during
the pressing process, and further investigation showed that the surface
area of the treated CZA-DL catalyst falls from ~250 to 74 m? g~! upon
pressing. The material was also observed to have lost its easily distin-
guished lamellar structure when ground and analysed by TEM. We
believe that the higher pressing pressures used have, in effect, relami-
nated the material. All the samples showed no discernible decline in
activity with time. For instance sample CZA-DL B showed an average
conversion of 18.6%, averaged over 4 measurements each four hours
apart, with a random mean variation of +0.4%.

Although the increased productivity is desirable, the loss of surface
area upon compression presents an obvious issue for potential industrial
applications, where the catalyst would need to be treated in such a way
that it can withstand the conditions of pelleting and use in a full-scale
gas phase reactor. Investigations would need to be conducted into
alternative methods of improving the structural characteristics of the
material during processing to maintain the lamellar structure, and the
addition of binder agents of the right type, as is usually done industrially
prior to pelleting, would probably be beneficial for the maintenance of
lamellae separation. Such binders are of various types including oils
which can convert to carbon-type species, cements, and other irreduc-
ible oxides. It is possible compression could be avoided by making
spherical beads including the lamellar material in a silica matrix. These
would then be calcined, but as shown above, the lamellar structure
survives calcination. Further it may be possible to use lower
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Fig. 10. TEM images of treated CZA-DL-C materials calcined at 350 °C (left image) and 600 °C (right image).
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Fig. 11. Powder XRD patterns of ZM, CZA-U and treated CZA-DL-R after
reduction. Top: CZA-U-R; Middle: CZA-DL-R; Bottom: ZM-R. Conditions: 5%
Ha/Ar, 30 ml min ~}, 200 °C, 1 h.

compression pelletisers.

The situation could be different in the liquid phase where pelleting
would not be needed. There is currently much experiment and discus-
sion regarding the possibilities of liquid phase, solvent-based methanol
synthesis, since this may afford the possibility of operating both at very
high pressure and low temperature, thus favouring higher equilibrium
yields [31,32].

3. Methods
3.1. Synthesis

All materials in this study were prepared by coprecipitation of copper
nitrate hemipentahydrate, zinc nitrate hexahydrate, and aluminium
nitrate nonahydrate using a Metrohm Titrando Autotitrator. For the
malachite-based precursors (ZM) sodium carbonate was used as the
precipitating agent, with the synthesis taking place at a pH of 6.5 and a
temperature of 65 °C with a 3 h aging time.

Fig. 12. TEM of CZA-DL-R after reduction at 400 °C for 1 h in 5% Hy/Ar.

Table 2

Total surface areas for precursor and calcined materials, with Cu® surface areas
and Cu® particle sizes for the reduced materials. Precursor: dried 110 °C 16 h;
calcined: 350 °C 3 h; Cu® reduced at 225 °C for 1 h in 5% Hy/Ar.

Surface areas XRD Particle sizes

Precursor Calcined cu®

(m’g™) (m’*s™) (m’g™ (nm)
M 77 80 31 10
CZA-U 22 16 1 7
CZA-DL 340 250 66 4

The hydrotalcite materials (CZA—U) were precipitated using a
mixture of sodium hydroxide and sodium carbonate at a pH of 9 and a
temperature of 25 °C. No aging was used. The standard hydrotalcites
were filtered, washed with deionised water, and dried at this point,
whereas the treated hydrotalcites (CZA—DL) were filtered, washed with
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Fig. 13. TPR of 100 mg CZA-U and CZA-DL between 50 and 400 °C 10% Hy/Ar.

Thermal ramp rate 5 °C min .

ethanol, and redispersed in acetone for 1 h. This redispersed material
was then filtered, washed with acetone, and dried.

All materials were initially prepared with a 2:1:1 M ratio of Cu:Zn:Al
for comparative purposes. All materials were initially calcined at 350 °C
for 3 h under flowing air to give the catalyst material.

3.2. Catalyst characterisation

Powder X-ray diffraction measurements were performed using a
PANalytical X’pert Pro diffractometer with Ni filtered CuKa radiation
source operating at 40 kV and 40 mA. Patterns were recorded over the
range of 10-80° 26 using a step size of 0.016°. All patterns were matched
using the ICDD database.

Transmission electron microscopy (TEM)-EDX used the JEOL-2100
EM system with a LaBg filament operating at 200 kV. Catalyst samples
were prepared by dispersing the sample in ethanol before transfer to a
lacey carbon-coated Cu grid.

In situ XRD studies were conducted using an Anton Parr XRK900 cell
(internal volume of ~0.5 L) was used to monitor the formation, size, and
stability of metallic Cu particles in the Cu/ZnO/Al,03 materials under
reduction and reaction-like conditions. A flow of 5% Hy/Ar (30 ml
min~') was passed through the sample bed while the cell was heated to
225 °C (ramp rate 5 °C min~1). The cell was maintained under these
conditions for 1 h, with repeat 20-80° scans being taken. The gas
mixture was then switched to 20% CO, / 60% Hjy / 20% Ny, for 3 h with
the temperature being maintained at 225 °C. Multiple 20-80° scans
were performed during this time. Following this, to simulate the

Table 3
Conversion and selectivity data for the CO5 hydrogenation reaction.
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presence of reaction products, water vapour was introduced into the gas
stream by means of a bubbler system. This system was heated to 85 °C to
introduce 15% moisture content to the gas stream, with the in situ cell
also being heated to 85 °C to prevent condensation. The cell was
maintained at these conditions for 3 h, with multiple 20-80° scans being
performed.

Surface area measurements were carried out using the BET isotherm
method. A Quantachrome Quadrasorb-evo using Ny at —196 °C was
employed in this capacity, with the samples being prepared for analysis
by degassing at 120 °C for 3 h under vacuum conditions.

Cu surface area analysis was carried out on a Quantachrome
ChemBET chemisorption analyser equipped with a thermal-conductivity
detector (TCD). Calcined samples (50 mg) were reduced to using 10%
Hy/Ar (30 ml min~!) with heating to 140 °C at 10 °C min~?, and then to
225 °Cat 1 °C min . For Cu surface area analysis, catalysts were cooled
to 65 °C under He for N2O pulsing. 12 NO pulses (113 pl each) were
followed with 3 N5 pulses for calibration. The amount of N emitted was
assumed to amount to one half-monolayer coverage of oxygen and that
the surface density of Cu is 1.47 x 10'° atoms m™2,

Structural and electronic changes on the CZA-DL sample after drying
(CZA-DL-D, 110 °C, 16 h), calcination (CZA-DL-C, 350 °C, 3 h), reduc-
tion (CZA-DL-R, 225 °C, 1 h) and CO, hydrogenation (CZA-DL-PR,
200-250 °C, 20 bar P, 8 h) were analysed at the Cu and Zn—K edge by X-
ray absorption spectroscopy (XAS). XAS measurements were acquired in
transmission mode at B18 beamline of the Diamond Light Source at
Harwell, UK. Commercially sourced CuO, CupO, ZnO from Sigma
Aldrich were analysed as standards. Cu K-edge and Zn K-edge were
calibrated against Cu foil and Zn foil references. X-ray absorption near-
edge structure (XANES) data analysis was performed using IFEFFIT with
Demeter software package (Athena and Artemis) [33].

TPR analysis was carried out on a Quantachrome ChemBET Pulsar
chemisorption analyser equipped with a TCD. Calcined samples (100
mg) were pre-treated in He for 1 h at 120 °C to remove any pre-adsorbed
material before cooling to room temperature. For analysis the samples
were heated under a flow of 10%H,/Ar (30 ml min’l) whilst ramping

the temperature to 400 °C at 5 °C min~?,

3.3. Catalyst testing

The catalytic performance of catalysts for CO2 hydrogenation was
determined in a parallel 16 bed high throughput catalytic reactor. The
reactor is of a fixed bed continuous flow design. All reactor beds see the
same reaction conditions due to the set up of the system, the gas is fed
through a capillary distribution system and mixes with the liquid feed in
the headspace above the reactor tube. The pressure is controlled in each
bed using an equilibar, and the temperature is controlled by thermo-
couples located in the surrounding heating block of each set of four
reactor tubes that sit in each block. The catalyst (0.2 g, all fractions, or
0.5 g pressed catalyst 425-600 pm) was placed in a stainless steel re-
action tube of internal diameter of 4.57 mm. The catalysts were placed
in all beds, apart from beds 1, 5, 9 and 13, these were filled with only

CO;, Conversion MeOH Selectivity (%) MeOH productivity

(%) mol kg ' h™!

200 °C 225 °C 250 °C 200 °C 225 °C 250 °C 200 °C 225°C 250 °C
Zincian Malachite 9.1 15.6 18.0 73.1 54.1 34.0 3.2 4.0 3.0
CuZnAl,03 10.9 15.7 17.6 68.0 51.5 29.3 3.4 3.8 2.4
CZA-U 6.8 14.9 17.9 73.3 54.3 34.2 2.4 3.9 2.9
CZA-DL A 7.2 15.3 17.8 74.9 53.4 34.1 2.6 3.9 2.9
CZA-DL B 7.6 16.6 18.6 73.2 53.7 34.6 2.6 4.2 3.0
CZA-DL C 3.5 7.0 15.7 83.6 60.7 32.8 7.0 10.0 12.0

Conditions: P 20 bar, flow rate 30 ml min*

, gas composition CO5:Hy:N;, 1:3:1 Pretreatment: 5% Hy/Ar, 30 ml min -1 225°C, 1h. Catalyst mass 0.5 g, pelleting

pressure 5 t, sieve fraction 425-600 pm, with the exception of CZA-DL B (pelleting pressure 0.2 t) and C (not pressed or sieved, tested as 0.1 g loose powder).
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silicon carbide (F24, 750 pm). The catalyst was supported on a bed of
silicon carbide (F24, 750 pm) to ensure it was in the centre of the
isothermal heating zone. The catalyst was mixed with F80 silicon car-
bide, which has a particle size of 190 pm, to aid dispersion and stop any
mass transfer limitations. Prior to the reaction, the catalysts were pre-
reduced in a flow of 5% H2/N2 (40 mlmin — 1 per reactor bed) for 1
h at 225°C under atmospheric pressure. Once the reduction was com-
plete the gas was switch to nitrogen whilst the reactors cooled to 125 °C,
once at temperature the gas composition was switched to the reaction
feed (CO2:Ha:Ar:N; 22:54:5:19%). A purge feed of nitrogen, equivalent
flow to the reaction feed is used to ensure that no product build up is
observed in the downstream lines. The pressure was increased to 20 bar
using the gas feed pressure over the equilibars. The flow was set to 30 ml
min-1 per reactor bed giving a GHSV of 3600 h-1. The reactions were
conducted at 200, 225 and 250 °C, the downstream oven was set to
120 °C to stop any product condensing in the reactor lines. The gas
products were analysed via online gas chromatography using an Agilent
7890B system with a flame ionisation detector (FID) and TCD. Argon
was used as an internal standard. Four injections were taken at each
temperature per reactor, a vici valve was switched between the beds to
allow sampling of the products. It took ca. 8 h to sample all beds,
therefore took 32 h to complete one reaction temperature. CO2 con-
version was calculated by the change in moles of CO2 compared to
calibration runs at 125 °C for each bed. In all cases, methanol, methane
and CO were the only products observed. The carbon balance was
calculated using the sum of carbon products and feed divided by the
blank carbon value. After the reaction, the reactor was depressurised
and left under flowing nitrogen (50 mlmin’l) until cool.
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