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Multiple active component catalysts for efficient conversion of
CO2 to Methanol (MeOH) are synthesized through coating γ-
Al2O3 carrier spheres by incipient wetness impregnation method
(IWI). The well-known bimetallic Copper Oxide/Zinc Oxide
(CuO/ZnO)is promoted in three steps, first by Cerium Oxide
(CeO2), then additionally with Zirconium Oxide (ZrO2) and finally
with Calcium Oxide (CaO) resulting in four carrier catalysts with
high surface area and catalyst pore volume. Quaternary and
quinary carrier catalysts promoted with moderate CeO2, ZrO2 in
the quaternary (20% CZCZ) and additionally with CaO (20%
CZCZC) in the quinary catalysts demonstrate high CO2-con-
version ratios (16.2% and 18.7%) and space time yields (0.51

and 0.47 gMeOHh
� 1gCatalyst

� 1) at 5 MPa and 250 °C. The high
conversion ratios (XCO2) and good methanol space-time-yields
(STYMeOH) are attributed to enhanced copper dispersion and
several multi metal oxide component interactions essential to
enhance CO2-activation and -conversion through the catalytic
systems as well as very high overall surface area. Compared to
related studies, the carrier catalysts show superior conversion
rates, proving the effectiveness of the introduced multi-
component carrier catalyst and extending the understanding of
infiltrate composites as possible large-scale application alter-
natives to precipitated MeOH catalyst systems.

Introduction

It is widely accepted that CO2 concentration in the earth’s
atmosphere is a primary driving factor for anthropogenic
climate change. To mitigate possible effects of CO2 emissions
into the atmosphere, CO2 capture and utilization (CCU) has
gained attention in research and first larger scale applications
have been established in the past years. Furthermore, the
recovery of CO2 from regenerative sources such as biogas,
sewage gas, thermal biomass treatment or from bio waste
treatment processes, promises to open possibilities for sub-
stitution of fossil carbon products through biogenic alterna-
tives.

Methanol (MeOH) is one of the most commonly used
petrochemical products and base chemicals. Commercially, it is

produced from natural gas through a multistage process
comprising of synthesis gas production by steam reforming of
the feed gas and subsequent catalytical generation of MeOH of
the carbon monoxide-rich gas.[1] Alternatively, MeOH can be
produced directly through hydrogenation of CO2. Catalyst
development to increase activity and selectivity of known
catalyst complexes towards MeOH in the hydrogenation of CO2

has thus attracted great interest in the past years.
Industrial MeOH catalysts are mostly based upon ternary

metal oxide mixtures, with CuO being the main active
component. ZnO and Al2O3 are widely regarded as the most
efficient additional components for CO-conversion to MeOH
and are thus used in most commercial fossil MeOH
applications.[2–5]

As the ternary commercial catalysts show low activity,
mediocre selectivity towards MeOH in CO2-hydrogenation and
limited long-term stability, a wide range of possible metal oxide
promoters and catalyst supports for more efficient conversion
have been tested in recent studies.[6–8] Herein, some key factors
for improved CO2-adsorption and -conversion have been
identified: good Cu species dispersion, creation of large
boundary metal interfaces and provision of oxygen vacancies
are some of the most prominent, with certain metal promoters
being able to induce all of the described promotional effects.
Among others, CeO2 has been shown to provide essential active
sites for CO2-adsorption, providing both active Cu-metal
interfaces and creating oxygen surface vacancies, both of which
have been proven to improve CO2-conversion in CuO-ZnO
catalyst.[9–12] Furthermore, CeO2 has advanced redox ability, is
very stable and exhibits inverse valence transformation (Ce4+!

Ce3+) thus providing an acting point for oxygen-containing
bonds.[13] ZrO2 has been in the focus of methanol catalyst
development for some years now. It has been proven to
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substantially increase Cu-species dispersion and provide further
vacancies for improved adsorption.[14–21] Furthermore alkaline
and alkaline earth metals such as K or Mg have been shown to
strongly promote dispersion in Cu-based methanol catalysts
and provide surface alkalinity, which has been shown to
improve CO2 activation capacity.[22–26] Many studies have also
investigated the reciprocal effects of the combination of several
catalyst metal oxides and catalyst supports, with emphasis on
the unique synergistic effects of CuO and ZnO for hydro-
genation of CO and CO2.

[27–31] But examination of synergistic
effects for several active components in CuO-based ternary,
quaternary or quinary catalyst structures have shown promising
results in enhancing MeOH selectivity, improving catalyst long
term stability and increasing conversion ratios. Zablinksy et al.
(2021) reported, that CeO2/ZrO2 interplay on ternary catalysts
played a vital role in conversion efficiency and MeOH
selectivity.[32] Poto et al. (2022) showed, that CuO/ZrO2/CeO2

catalysts were highly efficient for hydrogenation of CO2 and
ZrO2/CeO2 interplay was able to increase selectivity for meth-
anol compared to commercial CuO/ZnO/Al2O3 catalysts.[33]

Further positive synergistic effects in ternary and quaternary
catalyst structures containing ZrO2, CeO2 or both for CO2-
hydrogenation have also been reported in studies published
recently.[34–37]

Most industrial catalysts and many studied catalyst in
research are produced by co-precipitation of the catalytically
active metal oxides.[2,4,24]

In recent years, various approaches for catalyst production
have been discussed for simplified catalyst sample manufactur-
ing based around impregnation techniques for carrier catalysts.
Samples produced by the IWI method promise an increase in
catalyst surface area and sufficient dispersion of catalytically
active components on the catalyst surface, while reducing
catalyst production cost and technical complexity in catalyst
manufacturing. While Al2O3 has long been a prominent carrier
material, different approaches for its use have been reported in
recent studies: Bansode et al. (2013)[22] introduced γ-Al2O3

spheres as carrier for the catalyst, while testing alkaline earth
metal oxide promoters for enhanced CO2-conversion and Ren
et al. (2015)[24] extended upon their work. Both studies showed
promising results, concluding that γ-Al2O3 is a suitable carrier
for catalytically active multi metal oxide combinations and
tested carrier catalysts were able to deliver high conversion
ratios and good MeOH selectivity. This plays a vital role in
formulating high performance catalyst compositions for future
commercial applications of CO2-to-MeOH.

In the herein presented work, findings from aforementioned
studies are combined in an attempt to extend upon existing
work and further deepen the understanding for catalyst
performance in CuO/ZnO based ternary, quaternary and quinary
catalyst structures. To investigate the effects of CeO2 and ZrO2

promotion of binary CuO/ZnO catalyst and to further study the
effects of earth alkaline catalyst promotion such as CaO, four
carrier catalysts for efficient hydrogenation of CO2 to MeOH are
prepared as infiltration composites by IWI. Highly porous
alumina support spheres are coated with 20 wt% of the
different catalyst metal oxide compounds. The resulting catalyst

samples are tested for activity and selectivity towards CO2-
hydrogenation to MeOH. γ-Al2O3 spheres were used as catalyst
support to guarantee a uniform and comparable catalyst bed
for each sample during activity measurements.

To highlight synergistic effects for multiple active catalyst
materials, a base catalyst CuO-ZnO on alumina was used for
further incremental promotion of the proven binary catalytic
system. While maintaining molar ratios for CuO and ZnO we
added CeO2, ZrO2 and CaO in promotional steps, thus preparing
four different catalyst samples for physio-chemical character-
ization and catalyst screening towards performance of CO2-
hydrogention to methanol. For comparison a commercial CuO/
ZnO/Al2O3 catalyst containing 63.5 wt% CuO, 25.0 wt% ZnO,
10.0 wt% Al2O3 and 1.5 wt% MgO was also tested as a
reference.

All catalyst samples were subjected to different physio-
chemical analyses. Brunauer-Emmett-Teller (BET), surface area
and pore size distribution were determined. For analysis of
surface topography and elemental distribution on the catalyst
surface, scanning electron microscopy (SEM) with integrated
energy dispersive X-ray spectroscopy (EDX) was applied. X-Ray
diffraction (XRD) was used for determination of the phase
composition. Surface acidity was determined by ammonia
temperature programmed desorption (NH3-TPD), while reduc-
ibility was probed by hydrogen temperature programmed
reduction (H2-TPR).

Results and Discussion

Results Sample Characterization

For better understanding of the possible catalytic interface
involved in CO2-hydrogenation, analyses of specific BET surface
areas, pore size distribution and pore volume were carried out
for all samples (Abbreviation protocol and manufacturing
protocols for all herein tested samples are described in
experimental section). Calculated catalytic surface areas (ABET),
total average pore volume (VTOT) and average pore diameter
(DPore) of the coated catalysts, the uncoated Al2O3 carrier spheres
and a crushed and sieved reference catalyst sample are listed in
Table 1. The uncoated alumina spheres exhibit the highest

Table 1. Specific surface areas (ABET) and corresponding pore volumes of
the catalysts in comparison to the supporting Al2O3 spheres and the
reference.

Sample ABET
m2 ·g� 1

VTOT
cm3·g� 1

DPore

nm

Reference 76 0.18 8.85

γ-Al2O3 151 0.48 –

20% CZ[a] 132 0.36 10.71

20% CZC[a] 122 0.34 11.30

20% CZCZ[a] 129 0.37 11.37

20% CZCZC[a] 125 0.36 11.55

[a] 20%w catalyst coating on 800 μm carrier spheres.
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specific surface area and the highest specific pore volume in
this comparison. Through catalyst coating, overall ABET and VTOT
are consistently reduced through the different stages of catalyst
promotion, although the measured surface areas of presented
catalyst samples stay inside a range of 10%, overall surface area
deviation is therefore limited. Compared to uncoated Al2O3, ABET
of 20% CZCZC is reduced by 17% and DPore by 25%.

All coated catalysts exhibit intercomparable average pore
diameters derived from BET measurements. Compared to the
industrial pellet catalyst, catalytic boundary area is increased by
up to 65% and total average pore volume by up to 100%. For
better understanding of the presented measurements, adsorp-
tion isotherms for the carrier and each catalyst are given in the
supplementary materials (Figure S1–S6).

To determine the phase composition on the sample
surfaces, the catalysts were analyzed by powder X-ray diffrac-
tion according to the protocol described in the experimental
section. Figure 1 exhibits the resulting diffractograms of the
infiltration composite in comparison to the reference and the
alumina spheres used as support material. In general, the
catalysts exhibit a comparable typical nanocrystalline diffraction
pattern with very broad wave-like peaks.

The few pronounced peaks from the 2Θ positions at 35.5°,
38.7° and 48.7° for the pure CuO/ZnO catalyst (20% CZ) can be
assigned to CuO with a monoclinic structure, which become
smaller and broader in intensity with increasing promoter
doping.

This indicates a decreasing CuO particle size and thus a
higher specific catalytic interface in the same direction. An
average crystallize size of the copper oxide in the 20% CZ
catalyst was determined to be 30 to 40 nm using the Scherrer
formula on the full width at half maximum (FWHM) of the main
peak at 2Θ=35.5°, whereas a CuO particle size of approx.
12 nm is determind for the industrial reference catalyst. ZnO as

the second main component of all herein presented catalyst
samples can be identified via the broad peaks at 2Θ=32.5° and
2Θ=36.3°, which are, however, superimposed by the γ-Al2O3 of
the support material. Furthermore, the broad diffraction peak at
2Θ=28.6° could be assigned to CeO2 in the catalysts containing
cerium. The crystalline phase of the ZrO2 in the 20% CZCZ and
20% CZCZC catalysts and the Al2O3 in the industrial catalyst
could not be detected. Solely the peak at 2Θ=26.6° of the
reference could be identified as graphite (JCPDS 26-1079),
which is added to the catalyst powder as an additive for
molding during the extrusion process.

Another significant aspect of physical catalyst properties is
the morphology of the catalyst surface and the elemental
distribution within the multi-metal-oxides on the catalyst
surfaces. Figure 2 shows the SEM images of all catalyst samples
whereas Figure 3 reveals the corresponding element mappings
of the observed area by EDX analysis.

For each catalyst sample, two images and mapping overlays
are shown for demonstration of the heterogenous character of
the produced carrier catalysts with areas where the multi-metal
oxides are located and catalyst regions dominated more by
Al2O3-carrier surface material As can be deducted from Figure 2,
the surface morphology of the coated catalyst samples changes
through increasing level of promotion from more coarsely
grained, flake shaped particles to structures based on very small
flake particles. The reference catalyst shows an even, homoge-
neous distribution of small particles, except for comparatively
large bulk carbon structures, as can be clearly seen in the maps
shown Figure 3, where elemental carbon is marked in red color
for the dispersion maps from EDX analyses. This adds to the
XRD findings, confirming the presence of graphite particles in
the commercial catalyst, presumably stemming from manufac-
turing. The images of all carrier catalysts show homogenous
portions with macro porous rough crystallite particles formed in
bulbous formations on the surface. The structural manifestation
of the formations changes with increasing catalyst promotion,
which is attributed to the change in metal oxide structure with
the addition of ZrO2 to the catalyst surface. EDX analysis of the
shown images confirm very sufficient Cu and Zn dispersion
around the porous catalyst structures. Overall, the surface
distribution of metal oxides proposed in the production
protocol for the carrier catalyst (see materials section for
production protocol), is confirmed by EDX analyses of the
image sections depicted in Figure 2. Additional single element
mappings further validate the even dispersion of metal oxide
additives on the carrier surfaces (Supplementary materials
Figures S17–S26).

Graphs and distribution tables for elemental analysis of the
image sections are given as supplementary materials in
Figures S7–S16 and Tables S1–S10). Overall ZrO2, CeO2 and CaO
loading is close to the calculated theoretical composistion and
elemental distribution is hereby confirmed. While multi-metal-
oxide formation with CuO, CeO2 and ZrO2 in the coating process
can be an issue for metal dispersion on the catalyst surface, this
cannot be confirmed based upon the EDX images shown in
Figure 3.[38] Especially the images for 20% CZCZC show very
even distribution of ZrO2 and CeO2 particles on the catalyst

Figure 1. Powder X-ray diffraction patterns of the different catalysts in
comparison to the reference and the used alumina spheres. The diamond
icon is used for identification of distinctive Cu-diffraction peaks, while star
and triangle identify CeO2 and ZnO respectively.
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Figure 2. Highly magnified SEM images of the catalyst surfaces. Two SEM images for each catalyst sample are used, to demonstrate the inhomogeneous
catalyst structures, both in the reference and in the carrier catalysts. Image sections used for EDX analyses are marked by yellow boxes. Corresponding EDX
mappings are presented in Figure 3.

Figure 3. EDX mapping overlays for all metal components in the herein presented catalyst samples. Each mapping corresponds to an image section presented
in Figure 2.
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surface, indicating small particle sizes and good overall
dispersion in the catalyst coating.

TPR tests were conducted for all catalyst samples and the
reference catalyst for determination of H2-reducibility and
investigation of possible catalyst activity. Figure 4 shows TCD
signal intensity for the measurements conducted for the TPR
reactor outlet gases of the tested samples.

All samples except for 20% CZ exhibit three overlapping
reduction peaks for H2-consumption. Onset reduction temper-
ature is around 98 °C for the reference catalyst. The samples
tested for this present work exhibit prolonged reduction onset
with H2-consumption starting at around 150 °C for the carrier
catalyst samples. For the reference, the first minor reduction
peak follows at around 210 °C (α) This primary reduction peak is
found in 20% CZC, 20% CZCZ and 20% CZCZC as well, but is
clearly most pronounced in the reference catalyst.

This weakly pronounced primary peak is strongly integrated
with the more strongly pronounced second peak at around
225 °C (β) and a shoulder peak at around 265 °C (γ) for the
reference catalyst. Calculated peak positions are given in
Table 2. As only CeO2, CuO and ZnO can be reduced in the

measured temperature range, reduction peaks can mostly be
attributed to reduction of different CuO species or interacted
CuO.[11,39]

α can be associated with CuO bulk reduction of isolated
CuO species or composite metal oxides, while higher reduction
temperatures can be attributed to CuO that are strongly
interacted with other metal oxide species, thus inducing hard
reducibility of Cu2+ species.[11]

It is noteworthy, that the reference catalyst shows the
lowest reduction temperatures of all tested samples, although
not by substantial margins. This indicates CuO being less
strongly interacted and generally more evenly dispersed by
particle size, which is expected in precipitated solid catalyst.

As the degree of catalyst promotion through CeO2, ZrO2 and
CaO increases from 20% CZ to 20% CZCZC, both β and γ
decrease in height and width substantially.

This indicates both bulk CuO and well dispersed, weakly
interacted Cu species decrease in prevalence and catalyst
surface distribution. 20% CZC catalyst structure exhibits the
lowest reducibility with CeO2 addition not improving reduc-
ibility of the catalyst sample over 20% CZ. The addition of ZrO2

in 20% CZCZ greatly increases overall reduction properties over
20% CZC and 20% CZ, with reduction onset temperature being
lowered and all overlapping reduction peaks increasing in
height and width. 20% CZCZ exhibits the highest specific H2-
consumption in all carrier catalyst with a total H2-consumption
of 0.038 gH2/gactive cat component referring to the 20% active
component in the compound catalyst. Especially the first
reduction peak α is increased in surface area, which indicates
ZrO2 ability to disperse other metal oxide species on the carrier
surface and produce more evenly distributed metal oxide pores.

ZrO2 seems to additionally increase reducibility of CuO and
CeO2 with overall H2-consumption increased threefold over
20% CZC. Addition of CaO decreases overall reducibility over
20% CZCZ. This is attributed to the metal oxide species being
interacted in more complex manners than in the ternary and
quaternary catalyst samples 20% CZC and 20% CZCZ. Overall,
the complex interactions lead to reduction temperatures for
both α and β being raised slightly for increasing catalyst
promotion, which indicates both CuO species being interacted
in more complex metal oxide compound structures, making
them harder to reduce inside the tested temperature window.

CO2-hydrogenation to methanol often depends on catalyst
basic sites for CO2-adsoprtion on the catalyst surface.

[25] At the
same time, it has been reported, that catalyst acid sites
stemming from different alumina species can lead to formation

Figure 4. H2-TPR profiles of the catalysts compare to the industrial reference.
TO marks onset reduction temperature. α, β and γ are used for marking the
three distinctive reduction peaks. To – Onset reduction for first reduced,
small and widely dispersed CuO particles; α – Onset reduction peak at
around 190–220 °C; β – Main reduction peak at around 200–225 °C; γ –
Shoulder peak at around 240–280 °C caused by more strongly interacted
CuO species.

Table 2. Onset catalyst reduction temperature (TO) and temperature peaks for the three distinctive reduction peaks for each catalyst (α, β, γ).

Catalyst TO [°C] α [°C] β [°C] γ [°C] H2 consumption [g/gactive cat mass]

Reference 98 219 232 261 0.0649

20% CZ 176 – 226 272 0.0150

20% CZC 160 206 217 248 0.0129

20% CZCZ 140 239 254 283 0.0380

20% CZCZC 163 218 219 242 0.0125
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of C2+ molecules from synthesis gas or from methanol itself, as
applied in methanol conversion to other chemicals.[27] Further-
more, earth alkali modified methanol catalysts often present
good options for the synthesis of higher alcohols or the
reduction of surface acid cites in catalysts, thus the addition of
CaO to the promoted catalysts in this work.[40,41] To investigate
the acidity of the tested catalysts, NH3-TPD analyses were
carried out in a temperature range from 50 °C to 500 °C, results
are given in Figure 5.

The tested samples all show overall low acidity, the
magnitude of desorption plot is increased for better recogniz-
ability of progression over temperature. All catalysts exhibit two
distinctive desorption peaks, one at low temperatures of around
120 °C to 150 °C and one at around 240 °C to 270 °C, which
correspond to weak Brønsted acid sites for the lower temper-
atures and stronger Lewis acid sites for high temperatures. The
reference catalyst shows the least pronounced peaks, indicating
low acidity. Increasing promotion of the tested catalyst samples
of this work leads to increased catalyst acidity, although the
binary catalyst 20% CZ also exhibits increased acidity over the
reference.

The increase in surface acidity can have a number of
reasons. The overall baseline increase over the reference is
attributed to the formation of intrinsic acidic alumina species
on the catalyst carrier spheres and acidic sites at the metal
oxide interfaces between carrier and coating.[42,43] Additionally,
both CeO2 and ZrO2 form highly acidic species, especially in
interference with other metal oxides.[44–46] This can be observed
through the results of NH3-TPD, as 20% CZC and 20% CZCZ
show largely increased desorption peaks, both in height and in
width compared to the unpromoted 20% CZ and reference
catalysts.

20% CZCZC shows the steepest desorption peaks, both for
Brønsted and for Lewis acid-cites. This is a contradiction to the
goal of acid cite compensation through addition of CaO as
metal oxide promoter. It is therebysuggested, that CaO is not
effective in compensating the acidity of the alumina catalyst
carrier acidity. In future work, TPD measurements for acidic
gases or NMR-analyses will be added for better understanding
of the acid-alkaline-interplay for the presented catalysts.

Catalyst Performance

Catalyst performance was determined for different synthesis
pressures, gas hourly space velocities (GHSV) and reactor
temperatures using a custom laboratory catalyst test bench
equipped with a 70 ml tubular reactor as shown in Figure 8 and
described in further detail in the experimental section. Product
gas composition was determined by an online gas chromatog-
raphy unit (GC), off gas composition was determined by inline
gas measurements. For typical performance testing, 35 min test
protocols were conducted. Temperature, gas composition,
pressure and flow rate were set and the catalyst was treated on
stream for 10 min or until normalization of online temperature,
pressure and off-gas composition measurements were ob-
served. This was followed by a 20 min timed test run for
determination of conversion performance. GC measurements
were initiated after the 20 min steady state run.

Experiments for CO2 conversion proficiency were carried out
with a constant H2/CO2 mixture at three different gas space
velocities of 8,000 h� 1, 10,000 h� 1 and 12,000 h� 1, three pres-
sures of 2, 3.5 and 5 MPa and three temperatures at 225 °C,
250 °C and 275 °C. CO2 to H2 ratio was set to hyper stoichio-
metric conditions using the stochiometric number (SN), calcu-
lated according to Equation (1) and set typically to 3:

SN ¼
_nH2 ; inlet � _nCO2 ; inlet

_nCO2 ; inlet þ _nCO; inlet
(1)

Catalyst performance was evaluated through calculation of
CO2-conversion (XCO2), product selectivity for MeOH, H2O, CO,
CH4, DME (Sy) and methanol production rate STYMeOH rate
according to following Equations (2–4):

XCO2
¼

_nCO2 ;in � _nCO2 ;out

_nCO2 ;in
(2)

Sy ¼
_ny; out

_nMeOH; out þ
__nCO; out þ

__nH2O; out þ
__nCH4 ; out þ 2 _nDME; out

(3)

S _TYMeOH ¼
_mMeOH; out

mCatalyst
(4)

XCO2 and STYMeOH for different reactor pressures at 250 °C
reactor temperature and GHSV of 10,000-1 are shown in
Figure 6.

Unsurprisingly, XCO2 increases significantly for all tested
catalyst samples with increasing reaction pressure, where the

Figure 5. NH3-TPD profiles of the catalysts compare to the industrial
reference. Magnitude for TCD signal is increased fivefold for better
identifiability of desorption peaks. Br – Brønsted acid cites for weakly acidic
surface acid components; Le – Lewis acid cites – more strongly interacted
with NH3 in testing.
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industrial reference exhibits the highest XCO2 rates and STYMeOH
across the presented pressure range. For the infiltration
composite catalyst, increasing catalyst promotion leads to
overall increases in activity concerning XCO2 and methanol
production rate compared to the binary CuO/ZnO carrier
catalysts.

XCO2 for the base catalyst 20% CZ was 12% at 2 MPa and
increased to 14 and 20.1% for 3.5 and 5.0 MPa respectively. This
demonstrates the high effectiveness of CuO/ZnO/Al2O3 catalysts
in low pressure methanol synthesis. The addition of CeO2 over
the base CuO/ZnO catalyst initially reduces conversion and
production rates for all tested pressures This result is rather
unexpected, as existing literature suggests a beneficial impact
for CeO2 towards CO2-adsorption and hydrogenation through
generation of highly active lattice oxygen and oxygen vacancies
in the ternary CuO/ZnO/CeO2 catalyst structure and aid in
higher dispersion levels for CuO and ZnO.[47–49] Further addition
of ZrO2 significantly increases activity levels of the tested
catalysts above the previous ternary composition and achieves
conversion rates comparable or superior to the binary CuO/ZnO
catalyst.

This demonstrates the importance of multiple active
components in the hydrogenation of CO2. Especially the ternary
interfaces between CeO2, ZrO2 and CuO have been shown to
produce highly active catalyst compounds.[32,33,37] The increase
in catalytic activity can be attributed to widely dispersed multi
metal oxide interfaces which unite active centers for CO2-
adsorption – Cu0 species, oxygen vacancies and lattice oxygen
in supported CeO2 und ZrO2 and ZnO – and H2-adsorption –
widely accepted to be located in Cu and Zn catalyst surface
species.[24,50,47]

CaO addition to the effective CuO/ZnO/CeO2/ZrO2 catalyst
structure further improves conversion rates at 3.5 and 5.0 MPa

slightly. The CaO promoted catalyst achieves a maximum of
18% XCO2 and an hourly methanol production rate of
0.46 gMeOHgCat

� 1h� 1 at 5.0 MPa. Total methanol production rates
for 20% CZCZC are reduced slightly compared to 20% CZCZ,
which can be attributed to less CO2 being converted to MeOH
and more being converted to byproducts of the hydrogenation,
primarily CO though RWGS. This contradicts previous research,
which indicates that certain levels of alkali and alkali earth
catalyst promotion are able to reduce RWGS selectivity
substantially.[22–24,51] This also indicates, that multi-metal oxide
interplay can induce inverse synthesis effects, depending on
used catalyst metals and metal ratios for catalyst loading. This
again is in line with previous studies, that investigated metal
oxide and metal support interactions.[12,21,35,37]

Results for XCO2 and STYMeOH for varied synthesis temper-
atures and for production selectivity of MeOH, CO, CH4 and
DME at 3.5 MPa are given in Figure 7a) and b) respectively.

High synthesis temperatures generally lead to high con-
version rates but also facilitate increased reduction of CO2 to
CO and H2O via RWGS. For all tested catalysts CO is the main
carbon byproduct in CO2-hydrogenation.

Extending on the findings from Figure 7, the reference
catalyst shows the highest conversion ratios of CO2 and
subsequently exhibits the highest MeOH production rates
across the tested temperature range.

20% CZ and 20% CZC exhibit both the lowest conversion
ratios as well as the highest selectivity values for CO2-reduction
to CO. This is clearly reflected in the lowest space time yields
for MeOH 0.24 gMeOHgCat

� 1h� 1 and 0.31 gMeOHgCat
� 1h� 1 respec-

tively at 3.5 MPa and 275 °C The impregnation catalysts show
overall low activity for the lower two of the tested temper-
atures. This indicates that catalyst activity of the composites is
generally low for synthesis temperatures beneath 250 °C.

Figure 6. a) CO2-conversion over reactor pressure for the catalyst samples at 250 °C reactor temperature, GHSV at 10,000 h� 1. b) CO2-conversion over GHSV at
250 °C reactor temperature and 5 MPa reactor pressure, c) methanol production rate over reactor pressure for the catalyst samples at 250 °C reactor
temperature, GHSV at 10,000 h� 1 and gas composition SN=3 for H2/CO2.
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The addition of ZrO2 and CaO to 20% CZC increases
selectivity for MeOH and leads to an increase in production
rates. As CO2-hydrogenation follows one of multiple possible
pathways, this can be attributed to a number of mechanistic
effects. The promotion of the ternary 20% CZC catalyst with
ZrO2 facilitates the hydrogenation through the formiate or
carbonate pathways, which are generally associated with stable
CO2-adsorption on oxygen vacancies or lattice oxygen in ZnO,
CeO2 and ZrO2, on the surface of Cu-species with adsorbed H2
as formiate or on active interface sites between CuO and
catalyst promoters or catalyst support.[10,11,22,52,53] This reaction
mechanism does not contain CO as adsorbed intermediate and
thus does not hazard the premature desorption of CO and H2O.
Furthermore, ZrO2 and CaO strongly enhance the wide
dispersion of Cu-species on the carrier surface and thus
facilitate wide availability of active sites for both dissociative H2-
and CO2-adsorption. This enables efficient reaction of adsorbed
reactants and inhibits desorption of reduced CO without further
interaction with topologically closely adsorbed H.

This also corresponds to the TPD and TPR results (see
Figure 4 and 5), which suggest that dispersion of CuO is
considerably increased by catalyst promotion through ZrO2 and
CaO in 20% CZCZ and 20% CZCZC respectively.

These finding also confirm results from abovementioned
studies preliminarily, suggesting positive effects of low amounts
of earth alkaline catalyst promotion towards effective dispersion
of CuO and ZnO and thus optimized CO2-activation for
adsorption and further hydrogenation.[22]

Maximum space time yield for the infiltration composite
catalysts is achieved by 20% CZCZ at 5.0 MPa, 250 °C and a
GHSV for feed gas of 10.000 h� 1 at 0.507 gMeOHgCat

� 1h� 1. 20%
CZCZC achieves a maximum production rate of
0.50 gMeOHgCat

� 1h� 1 with 19,9% XCO2 at 5 MPa, GHSV of

12,000 h� 1 and 275 °C reactor temperature. For comparison, the
reference catalyst achieves a maximum production rate of
1.14 gMeOHgCat

� 1h� 1 at 5.0 MPa and 250 °C reactor temperature.
These findings are very similar to existing literature and thus
partially confirm experiment reproducibility.[2,4] None of the
tested samples show high selectivity towards the reduction of
CO2 to CH4 (see Figure 7b). The only notable formation of CH4 is
recorded at expected high reactor temperatures for the
reference commercial catalyst. 20% CZ, 20% CZC, and 20%
CZCZ facilitate minor production of DME, especially the binary
20% CZ catalyst shows selectivity towards MeOH-dehydration
to DME with DME-selectivity of 8,6% at 250 °C and 3.5 MPa.

Reaction conditions with the best recorded STYMeOH and
CO2-turnover for the coated catalyst in comparison to the
reference are given in Table 3.

Best STYMeOH results are shown for each catalyst sample with
corresponding reactor conditions for the achieved performance.
In general, all catalysts expectedly exhibit the highest con-
version ratios and production rates at high reactor pressure.
Depending on overall catalyst selectivity, maximum production
rates are either found at 250 °C or 275 °C reactor temperature.
As the conversion rates consistently increase with rising reactor
temperatures, the selectivity becomes the defining factor for
STYMeOH. As can be taken from Figure 7b], CO-selectivity is the
defining factor for conversion efficiency as RWGS is the most
relevant competing reaction to CO2-hydrogenation to MeOH.
The generation of CO has wider implications for industrial
catalyst deployment. As single pass operation is only applied by
a minority of industrial methanol processes, it has to be
assumed, that mixed carbon oxide streams will prevail in
industrial CO2-to-MeOH process applications as CO produced
through RWGS is recycled and mixed with CO2-based synthesis
gas.[2]

Figure 7. a) CO2-Conversion and Methanol STY for different reactor temperatures. b) Selectivity for MeOH, CO, CH4 and DME generation at different
temperatures. Catalyst performance was tested at 3.5 MPa reaction pressure, GHSV of 10,000 h� 1 and H2/CO2 of SN=3.
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This necessitates more in-depth investigation of catalyst
performance for varying carbon-oxide-ratios. Concerning space
velocity, no clear conclusions can be made based upon the
presented results as depicted in Figure 7b].

All catalysts tend to produce better results in the higher gas
hourly velocities for 10,000 h� 1 and above.

Finally, the catalyst performance results are also compared
to a variety of recent studies that have investigated the same
catalyst tuning approaches for more efficient XCO2 and better
selectivity for MeOH. In addition, commercial catalysts taken
from corresponding patents are also listed for benchmark
purposes.

The evaluation criterion was the XCO2 and the STYMeOH. The
results for the study comparison are presented in Table 4.
Where available, GSHV, pressure and reactor temperature are
added for classification of presented data. If necessary and
possible, based upon available study data, GHSV values are
converted to h� 1 Where different catalyst samples are inves-
tigated in the presented studies, maximum values for each
sample are used for the comparison presented here.

Most of the catalysts are produced through precipitation,
although it is also clear, that impregnation is a viable
production method especially for sample catalysts. Seven of the
studies use catalyst produced by some form of impregnation. It
is notable, that many studies chose GHSV that were consid-
erably lower, than those presented in the study on hand,
namely[11,14,25,26] . This does not seem to have a negative effect
on productivity, which suggests, that GSHV used by the cited
commercial applications – from which the herein tested GSHV
were adapted - have effects, that could not be replicated in this
work. Further testing is needed, for determination of the effects
of space velocities in this laboratory work.

Catalyst samples from this work perform very well in
comparison to other tested catalysts samples from literature.
20% CZCZ shows the highest STYMeOH compared to other
selected studies. In part, this can be attributed to the high
synthesis pressures used in the test protocols for the presented
work in this study. Comparison to other studies, that tested
reactor pressures up to 5 MPa still shows, that the catalysts
tested herein show superior yield and conversion ratios. The
effective surface interplay between ZrO2 and CeO2 is thus
confirmed. High surface area γ-Al2O3 carrier spheres seem to
further boost conversion efficiency. Compared to[32,33] we were
able to achieve enhanced STYMeOH in this work, proving the
potential of the supported catalyst and further highlighting the
role of ZnO in the conversion of CO2 to MeOH.

Concerning metal oxide promoters for XCO2 to methanol,
ZrO2 seems to be widely regarded as the most promising in
prolonging active catalyst stability and in delivering active sites
for efficient CO2-activation. Other additives, that have not been
used in production of the catalysts for this study, include
Gallium (Ga), Indium (In), Tungsten (W), Nickel (Ni), Platinum (Pt)
and Gold (Au).[60–62] While Ni, In and Pt catalysts supports have
shown promising results in converting CO2 to MeOH, in this
application Al2O3 proves to be a better choice for large scale
utilization due to its wide availability and low price.

Conclusions

A series of infiltration composite catalysts with 20 wt.% active
components coating were prepared by IWI method on γ-Al2O3

carrier spheres. The catalysts were based on CuO/ZnO and
promoted with CeO2, ZrO2 and CaO, which were identified as
possible enhancements for the direct hydrogenation of CO2 to
MeOH from literature. The IWI method was applied as a simple
method for the customized and application-specific production
of catalyst samples. XCO2, STYMeOH and selectivity towards MeOH,
CO, CH4 and DME were determined in a laboratory test bench
at different space velocities, temperatures and pressures and
compared to the performance of an industrial Cu-based MeOH
catalyst.

Special focus was put on the conversion of CO2 to CO and
H2O through RWGS, as it is the main competing reaction in
most Cu-based MeOH catalysts.

The binary catalyst complex CuO/ZnO on Al2O3 carrier
spheres reached a maximum conversion rate of 22.2% with
STYMeOH of 0.45 gMeOHgCat

� 1h� 1 without additional promotion.
The promoted ternary catalyst complex with added CeO2 was
not able to improve catalytic performance over 20% CZ.
Catalyst promotion toward the quaternary CuO/ZnO/CeO2/ZrO2

and the quinary CuO/ZnO/CeO2/ZrO2/CaO complexes however
was able to improve STYMeOH by 13% and 11% respectively over
the binary catalyst formula.

These findings are attributed to extremely high Cu species
dispersion on the catalyst. This is supported by the presented
XRD, EDX, BET, TPR and TPD results, which suggest an increase
in metal species dispersion in the quaternary and quinary
catalyst samples and very high surface areas in the supported
catalysts. Low ZrO2, CeO2 and CaO loading is confirmed by EDX
mappings over SEM images and elemental analysis of the
catalyst samples. Formation of multi metal oxide compounds

Table 3. Conditions with best methanol space time yield (STY) and CO2 turnover for the coated catalyst in comparison with the reference.

Catalyst XCO2 [%] STY [gMeOH gCat
� 1 h� 1] GHSV [h� 1] Temp. [°C] Pres. [MPa]

Reference 37.8 1.14 12,000 250 5

20% CZ 22.2 0.45 10,000 275 5

20% CZC 24.2 0.37 12,000 275 5

20% CZCZ 16.2 0.51 10,000 250 5

20% CZCZC 19.9 0.50 12,000 275 5
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on the catalyst surface can mostly be ruled out by means of
EDX mapping analyses, where ZrO2 and CeO2 dispersion over
the image mappings is confirmed and the formation of
conglomerates of metal oxides cannot be observed. Much
rather do the images suggest, that ZrO2 and CeO2 express their
catalytic qualities through interplay with ZnO and CuO on the

catalyst surface. This is reached while retaining very high
surface areas of more than 120 m2g� 1 and similar average pore
sizes to the binary carrier catalyst 20% CZ of around cm3g� 1.

Total reducibility of the coated catalysts is reduced slightly
compared to the commercial catalyst in the tested temperature
range. This is expected due to considerably lowered CuO

Table 4. Summarized catalyst performance for CO2-hydrogenation to methanol from literature and this work.

Recent Advances in Research – CeO2, ZrO2 and alkali metals

Composition Sample
Manufacturing

GHSV
[h� 1]

Pressure
[MPa]

Temperature
[°C]

XCO2
[%]

STYMeOH
[gMeOHgCat

� 1h� 1]
Ref.

Cu/ZrO2 Deposition-
Precipitation

10,000 3.00 299 15.80 – [50]

In13/ZrO2 Impregnation 12,000 3.00 301 12.50 0.160 [47]

Cu/ZrO2 Impregnation
Sol-Gel

20,000 3.00 250 1.00 0.144[a] [19]

Cu-ZnO-ZrO2 Precipitation-
Reduction

4,600 5.00 263 23.00 0.210 [54]

Cu-ZnO-ZrO2 Impregnation
Sol-Gel

6,600 3.00 250 19.20 0.376 [14]

CuO-ZnO-ZrO2 Reverse
Co-Precipitation

2.00 240 14.00 0.219 [18]

CuO-Ga2O3-ZrO2 Impregnation
Sol-Gel

20,000 2.00 250 1.16 0.136[a] [19]

Cu-ZnO-ZrO2-Al2O3 Co-Precipitation 12,000 3.00 250 15.00 0.009 [15]

In13/CeO2 Impregnation 12,000 3.00 301 0.20 0,008 [47]

Cu/CeO2 Deposition-
Precipitation

10,000 3.00 300 13.20 – [50]

CuO/CeO2 Hydrothermal – 3.00 250 – 0.096 [48]

Cu/CeWOx Impregnation 3,000 3.50 250 13.00 0.394 [49]

CuO-ZnO-CeO2 Reverse
Co-Precipitation

6,000 4.00 260 15.00 0.162 [11]

CuO-ZnO-CeO2 Co-Precipitation 4,850[b] 3.00 250 12.30 0.106 [12]

Cu-MgO-Al2O3 Co-Precipitation 2,000 2.00 200 4.80 – [25]

CuO-ZnO-Al2O3-K Co-Precipitation 2,400 3.00 240 14.00 0.39[a] [26]

CuO-CeO2-ZrO2 Gel Co-Precipitation 7,500–24,000[b] 3.00 260 19.00 0.192 [33]

Cu/CeO2-ZrO2 Co-Precipitation – 5.00 260 8.00 0.180 [32]

Cu-CeO2-ZrO2 Co-Precipitation 15,600[b] 5.00 250 3.80 0.076 [55]

Cu-ZnO-ZrO2-MgO/Al2O3 Impregnation 1,500–5,000 2.00 250 12.12 0.031 [24]

This work

CuO-ZnO-Al2O3 Co-Precipitation 10,000 5.00 250 38.20 0.840 This Work

CuO-ZnO/Al2O3 Impregnation 10,000 5.00 250 10.90 0.199 This Work

CuO-ZnO-CeO2/Al2O3 Impregnation 10,000 5.00 250 12.30 0.299 This Work

CuO-ZnO-CeO2-ZrO2/Al2O3 Impregnation 10,000 5.00 250 16.20 0.507 This Work

CuO-ZnO-CeO2-ZrO2-CaO/Al2O3 Impregnation 10,000 5.00 250 18.70 0.469 This Work

Commercial CO-based Methanol Catalysts

CuO-ZnO-Al2O3 (Süd Chemie) Co-Precipitation 10,000 5.00 250 – 1.1 [2, 56]

CuO-ZnO-Al2O3 (BASF) Co-Precipitation 10,000 5.00 220 – 1.43 [2, 57]

CuO-ZnO-Al2O3 (ICI) Co-Precipitation 9,600 5.00 230 – 0.43 [2, 58]

Commercial CO2-based Methanol Catalysts

CuO-ZnO-Al2O3-ZrO2-SiO (NIRE) Co-Precipitation 10,000 5.00 250 – 0.76 [2, 59]

[a] Calculated from molar production rate. [b] Calculated from molar flow rate.
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loading of the coated catalyst samples. The quaternary catalyst
formula exhibits the highest H2-consumption of all the tested
coated catalyst spheres. This is attributed to the special role of
ZrO2 in providing an effective surface structure for H2-
adsorption through generation of highly reducible CuO and
CeO2 species on the catalyst surface.

The results show the possible importance in multi metal
oxide interplay in inhibiting the desorption of CO in the direct
hydrogenation of CO2, a key hurdle in developing effective
catalysts for the efficient conversion of CO2 to MeOH. Especially
ZrO2 is herein confirmed as an effective promoter in MeOH
synthesis catalysts and its role in interaction with other catalyti-
cally active metal oxide components is further underlined.
Based upon this work, further testing will be conducted towards
the conversion of mixed carbon oxide streams to MeOH. As the
main competing reaction to the hydrogenation of CO2 to MeOH
is the formation of CO through RWGS, substantial amounts of
CO from previous reactor passes are to be expected in industrial
applications with gas recycling, no matter the selectivity of
applied catalysts.

This puts special focus on both the selectivity towards
carbon conversion to MeOH and the efficiency of the used
catalysts in converting both CO and CO2 to MeOH. Further work
will focus on the MeOH production from mixed carbon oxide
synthesis gas streams and the mechanics of the competing
synthesis paths as a consequence. The effects of recycling the
product gas streams will be evaluated in pilot scale application
to further study these effects. Furthermore, coated composite
catalysts are proven to deliver very good synthesis results in
comparison to co-precipitated samples. In addition, the simple
preparation method by IWI allows the production of catalyst
bodies in a wide range of different geometries with very high
catalytic surface areas. Especially spherical catalyst structures
are able to optimize catalyst beds regarding homogeneity, heat
exchange, feed flow and gas diffusion to the active sites for
single tube reactors but also for multi pipe reactors setups and
industrial applications of these.

Experimental

Catalyst Preparation

The infiltration composite catalysts were obtained through impreg-
nation of high surface area aluminum-oxide (Al2O3) spheres with
the selected metal oxide mixtures. γ-Al2O3-spheres (SASOL, Ham-
burg Germany) with a nominal diameter of 800 μm were used as
base for the further production process and loaded with 20 wt% of
each catalyst composition, respectively. Water absorption capacity
of the carrier was determined through prolonged water bath
immersion at 0.64 gH2OgAl2O3

� 1.

The highly efficient, proven CuO - ZnO mixture was used as base
for all composite samples.[30] Molar ratio of CuO and ZnO was set to
2.6 :1 for all produced composites, which corresponds to the molar
ratio used in the industrial reference catalyst Huton HUC-98
(derived from Süd Chemie Methanol Catalysts[56]).

Four carrier catalysts were produced with different molar ratios of
added cerium oxide (CeO2), zirconium oxide (ZrO2) and calcium
oxide (CaO) using IWI.[63]

Highly water-soluble metal nitrate precursors were used for the
catalyst coatings, specifically Cu(NO3)2

*3 H2O (Carl Roth GmbH,
Karlsruhe Germany), Zn(NO3)2

*4 H2O (Carl Roth GmbH, Karlsruhe
Germany), ZrO(NO3)2

*2,5 H2O (Alfa Aesar GmbH, Kandel Germany),
Ce(NO3)3

*6 H2O (Alfa Aesar GmbH, Kandel Germany) and Ca(NO3)2
*4 H2O (Alfa Aesar GmbH, Kandel Germany).

To prepare the infiltration composite spheres with a catalyst
content of 20 wt.%, the nitrate salts of the respective metals were
first weighed into a beaker according to their molar proportions in
the catalyst (Table 5), filled with water to a total volume of 25.6 ml
and dissolved by constant stirring.

In each case, 50 g of catalyst spheres with 20 wt.% CuO/ZnO
(abbreviated as 20% CZ), CuO/ZnO/CeO2 (abbreviated as 20% CZC),
CuO/ZnO/CeO2/ZrO2 (abbreviated as 20% CZCZ) and CuO/ZnO/
CeO2/ZrO2/CaO (abbreviated as 20% CZCZC) were obtained. The
reference was obtained from industrial 6 mm catalyst pellets by
crushing and sieving to a fraction between 800–900 μm diameter
for comparability and reactor occupancy similar to the produced
carrier catalyst samples.

Sample Characterization

Analyses of specific Brunauer-Emmett-Teller (BET) surface areas,
pore size distribution and pore volume were carried out on an
automated surface area analyzer (Micromeritics ASAP 2060) for
each presented catalyst sample. Samples were tested for N2-
adsorption and desorption isotherms at � 196 °C. For pretreatment,

Table 5. Molar composition of the catalyst fractions within the infiltration composites.

Sample CuO cont.mol-% ZnO-cont. mol-% CeO2-cont. %mol ZrO2-cont. %mol CaO-cont. %mol

CuO/ZnO[a]

(20% CZ)
72.2 27.8 – – –

CuO/ZnO/CeO2
[a]

(20% CZC)
65 25 10 – –

CuO/ZnO/CeO2/ZrO2
[a]

(20% CZCZ)
57.8 22.2 10 10 –

CuO/ZnO/CeO2/ZrO2/CaO
[a]

(20% CZCZC)
54.2 20.8 10 10 5

[a] As coating for 20 wt% on γ-Al2O3-spheres (800 μm).
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samples were evacuated for 2 h at room temperature. The resulting
adsorption isotherms are plotted in the supplementary materials to
this manuscript.

XRD was performed using Empyrean (Malvern Panalytical B.V.,
Netherlands) with CuKα radiation at 45 kV and 40 mA. XRD data
were collected in a Bragg-Brentano geometry in the 2Θ range of
10°–90° with ~2Θ of 0.026° and a counting time of 250 s/step using
a 255-channel PIXcel linear detector.

For topographic analysis of the sample surfaces, scanning electron
microscopy (SEM) images were taken of the catalyst surfaces using
a JEOL JSM-IT800 microscopy unit. Additionally, Energy Dispersive
X-ray Spectroscopy (EDX) was conducted in-situ using an EDAX
Octane Elect Super system (70 mm2 chip). SEM- and EDX-analyses
were conducted at room temperature, samples were loaded
unreduced.

For determination of catalyst redox properties, H2-TPR of the
samples was conducted. Experiments were carried out at ambient
pressure on the automated Micromeritics 2950 MicroActive. For
each TPR-measurement run, typically about 100 mg of every
catalyst sample was tested in an auto flow quartz reactor. Samples
were pretreated in-situ at 200 °C for 30 minutes in helium. After-
wards, reduction was conducted with 5% H2 in Argon at 10 °C/min
from 35 °C to 600 °C. Measurements of consumed H2 were carried
out using a TCD detector.

For specification of catalyst surface acid sites, NH3-TPD was
performed for every catalyst sample on the same device.

Catalyst preparation was carried out according to the aforemen-
tioned preparation and pretreatment protocol. The catalyst samples
were treated with 10% NH3 in helium carrier gas until the quartz
reactor effluent TCD measurement returned to stable baseline
indicating full adsorption of ammonia to the different surface acid
sites. Samples were flushed with helium from 50 °C to 500 °C at a

heating rate of 10 °C per minute. Desorbed ammonia was measured
using TCD of the reactor outlet.

Catalyst Performance

Catalyst performance was determined using a laboratory test bench
(Figure 8) equipped with a single tubular reactor with 70 ml
dedicated catalyst volume and 25 mm inner diameter.

All gases were supplied through high pressure cylinders. Gas dosing
and control of total volume flow were implemented by high
pressure bandwidth mass flow controllers (Bronkhorst El-Flow C200
Series for CO and H2 and Bronkhorst mini CORI-Flow for CO2).

Reactor pressure was controlled through a proportional flow valve
and a pressure control valve at the end of the total pressurized gas
section and pressure regulators for each gas dosing section. Reactor
temperature was controlled in counter flow configuration using a
thermo-oil-cryostat. Product gas composition at reactor outlet was
determined by an online gas chromatography unit (Shimadzu
GC2030 AT) with column – Rt-U-Bond Plot, 30 m×0.53 mm – and
mol sieve SH MSieve 5 A� 30 m×0.53 mm – in serial configuration
and TCD. Helium was used as carrier gas.

The liquid samples were collected in a high-pressure flash after
condensation in a cooling section and drawn into containers
through a solenoid back pressure valve.

Liquid samples were additionally analysed for their composition
and by-product contents ex-situ on a HPLC unit (Shimadzu LCMS-
2020).

Finally, dry off-gas was expanded and total dry gas mass flow rate
was measured. Off-gas composition was determined using inline
CO2- and H2-measurements (BlueSense BCP-CO2 and BCP-H2) and
an online unit for additional redundant measurement of CO2- and
CO-content (Emerson NGA2000).

Figure 8. Schematic of the lab test bench for catalyst sample performance. 1: Pressure control valves; 2: Mass flow control (MFC) and check valves; 3: Double
valve coupling for reactor removal; 4: Reactor with three temperature measurements; 5: Electro-thermal oil heating/cooling; 6: Product cooling and flash; 7:
Liquid sample; 8: Flow control and expansion valve; 9: Exhaust.
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For testing catalyst performance, 70 ml of each sample were
gauged by volume and then weighed. Catalyst was filled into the
reactor and excess volume was topped with quartz wool as filling
agent and additional gas dispersion.

Each catalyst sample was reduced in 100% H2 flow. For reduction,
reactor temperature was programmed from 50 °C to 300 °C in 10 °C
increments every 10 min.

Molar flow rates and mass flow rates for the reactor exit gas were
determined by assuming conservation of mass from dosed gases
and calculating product gas molar weight. Total mass flow rates
(mTOT) were calculated by summing dosed masses from MFCs
through Equation (5), product gas mixture molar mass was
determined through Equation (6) (MProduct). Total product flow rate
was calculated through Equation (7) (nProduct):

_mTOT ¼ mCO2
þmH2 þmCO (5)

MProduct ¼
Xn

1

yproduct; i �Mi (6)

_nProduct ¼
_mTOT

MProduct
(7)

yProduct, was derived from GC measurement of product gas molar
composition. Each experiment was carried out once with 5 key
experiments per catalyst sample being repeated threefold for
demonstration of repeatability.

Supporting Information

Supporting information for N2-physisorption tests and EDX-
analyses is added in supplementary materials document.
Further supporting information and project Data are available
on reasonable request from the corresponding author.
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