Catalysis Letters
https://doi.org/10.1007/510562-023-04554-1

=

Check for
updates

Cu/Zn0/Ce0, Supported on MOF-5 as a Novel Catalyst for the CO,
Hydrogenation to Methanol: A Mechanistic Study on the Effect of CeO,
and MOF-5 on Active Sites

Seyed Alireza Vali' @ - Javier Moral-Vico' - Xavier Font' - Antoni Sanchez’

Received: 10 October 2023 / Accepted: 9 December 2023
© The Author(s) 2024

Abstract

Cu/ZnO/CeO, nanocomposite was supported on metal organic framework (MOF-5) to enhance active sites dispersion and
control the nanoparticles agglomeration during synthesis through strong metal-support interactions. The incorporation of
MOF-5 alleviated the obstacle facing the commercial ternary Cu/ZnO/Al,O; regarding low surface area due to nanoparticles
agglomeration. In addition, Cu/ZnO/CeO, @MOF-5 gave higher methanol selectivity than the commercial catalyst which
can be accounted for by the interfacial sites generated between MOF-5 and Cu/ZnO which favour methanol synthesis over
carbon monoxide through regulating the intermediates bonding energies. CeO, as support for Cu/ZnO nanoparticles was
also compared with commercial support and showed to have led to smaller particle size and superior dispersion of Cu active
sites as well. Cu/ZnO/CeO,@MOF-5 resulted in methanol STY of 23.3 mg g., h™" and selectivity of 79% at mild reaction
temperature (260 °C) and pressure (10 bar). Two different MOFs including cerium based MOF and ZIF-8 demonstrated
inferior performance compared to MOF-5.
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1 Introduction

The current worldwide environmental crisis has been
increased by the exploitation of fossil fuels that results
in an increase of carbon dioxide concentration in the
atmosphere. This has incentivized the research of new
clean and sustainable energy resources as promising
alternatives [1-4]. Carbon dioxide capture and storage
(CCS) process and chemical transformation have been
considered as effective methods for the removal of car-
bon dioxide and the production of renewable energy [5,
6]. Hydrogenation of carbon dioxide to methanol has
been especially emphasized as a significant process since
methanol is an intrinsically potential fuel and a raw mate-
rial for fuel cells, as well as being a precursor for the

@ Springer

synthesis of other higher hydrocarbons and alternative
fuels [7]. Nonetheless, there still exist obstacles to over-
come as far as direct hydrogenation of carbon dioxide to
methanol is concerned, due to the high thermodynami-
cally stability and low reactivity of carbon dioxide that
results in an unfavorable carbon dioxide conversion [8,
9]. Additionally, carbon monoxide produced from the
reverse water gas shift reaction (RWGS) is unavoidable,
leading to an undesirable methanol selectivity [10].
Hence, the research on finding highly efficient catalysts
has gained popularity to improve the efficiency of carbon
dioxide hydrogenation to methanol.

Cu-based catalysts have emerged and have been inves-
tigated extensively for methanol synthesis from carbon
dioxide hydrogenation [11-14]. Although Cu alone can
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work independently as catalyst for methanol synthesis,
its activity has been significantly boosted by the incor-
poration of ZnO, due to enhancement in the dispersion
of Cu NPs (nanoparticles) as well as the Cu/ZnO inter-
face that acts as active site for spillover of hydrogen and
carbon dioxide adsorption [11, 15-17]. Indeed, there are
several hypotheses that explain how ZnO promotes the
Cu catalytic activity including: (1) gas-dependent mor-
phological changes of Cu on ZnO [18, 19]; (2) support-
induced strain in Cu [20]; (3) ZnO, species/layers cov-
ering part of the Cu NPs [19, 21-23], often regarded
as strong metal-support interaction (SMSI), and (4) Cu/
ZnO synergy owing to the incorporation of Zn atoms
into the Cu surface steps [24]. However, Cu/ZnO-based
catalysts suffer from significant drawbacks of having
low active surface area as well as the sintering of metal
phase under the reaction conditions. Therefore, Al,O;
has been used as a support for Cu/ZnO nanocompos-
ites to eliminate the aforementioned obstacles to some
extent. Hence, Cu/Zn0O/Al,0O has been utilized as the
commercial catalyst for methanol synthesis from syngas
(CO/CO,/H,) at elevated pressures (50 to 100 bar) and
temperature (200-300 °C) [25]. Although Cu/ZnO/Al,04
is well optimized for methanol synthesis from syngas, it
demonstrates inadequacy in the conversion of a feed of
CO, and H, to methanol owing to the competing RWGS
reaction [26] and the water-induced deactivation [27-29].
Hence, other metal oxides such as ZrO, [30, 31] TiO,
[32] In,0; [33] La,O; [34] Mo,C [35] and La,0,CO;
[36] have been reported to have enhanced both catalytic
activity and selectivity of Cu-based catalysts. Further-
more, CeO, has been reported to improve the methanol
selectivity of Cu-based catalyst more effectively than
other supports such as ZrO,. This is mainly attributed
to the be the oxygen vacancies generated on the Cu/
CeO, interface due to the metal-support interactions that
enhance Cu dispersion as well as the stabilization of key
reaction intermediates [37, 38] leading to higher selec-
tivity. Thus, the simultaneous incorporation of both ZnO
and CeO, in a Cu catalyst resulted in higher methanol
selectivity compared to Cu/ZnO and Cu/CeO, which is
explained by Zn promoting the Cu surface area and CeO,
inhibiting the RWGS reaction [39, 40].

Metal-Organic Frameworks (MOFs) have gained
interest in catalytic applications over the last decades
owing to their extraordinary characteristics [41-44].
However, MOFs, when utilized alone, do not have con-
siderable catalytic sites for the methanol synthesis from
carbon dioxide hydrogenation. However, they can serve
as a framework for the incorporation of metallic NPs
to enhance their catalytic activity and overcome the

obstacles that metal-based catalysts encounter includ-
ing low surface area, agglomeration, low dispersion and
sintering during the reaction. In addition, the interface
created as a result of the interactions between the metal
catalyst and the MOF support has proved to be excellent
active sites for methanol synthesis from CO, hydrogena-
tion [45, 46]. For instance, Yang et al. [46] presented
the catalyst Cu/ZnOyx @UiO-66 and established that the
facilitation in the formation of Cu/ZnO, interface, which
is the responsible site for the excellent performance of
the catalysts, was attributed to the presence of ultra-small
nanoparticles confined in UiO-66. Moreover, the inter-
action of the metal sites of the catalyst with the metal
nodes of the MOF might lead to the higher performance
of the catalyst. For instance, Yaghi et al. [47] attempted
to encapsulate Cu NPs in UiO-66 for the catalytic conver-
sion of carbon dioxide to methanol. They demonstrated
that the interaction between Cu NPs and Zr metal nodes
led to the formation of the Cu—Zr interfaces promoting
the performance of carbon dioxide adsorption and activa-
tion. In this work, three novel catalysts by supporting Cu/
Zn0O/Ce0O, on MOF-5, Cerium-based MOF, and ZIF-8 for
methanol synthesis from carbon dioxide hydrogenation
are presented. MOF-5 showed the highest performance in
terms of methanol STY and selectivity compared to the
other two. It is assumed that the high capacity of MOF-5
for gas adsorption facilitates the adsorption H, and CO,
(the reaction reactants) and therefore enhances the cata-
lytic activity. Another assumption is that the interaction
between the metal nodes of the MOF-5 and active sites of
Cu/Zn0O/CeO, can contribute to the dispersion of Cu as
main catalytic active sites. Our hypotheses were further
confirmed via characterizations analyses. In addition,
the reaction conditions (pressure of 10 bar and tempera-
ture 260-300 °C) of this study were relatively moderate
compared to other studies previously mentioned with
pressures ranging from 30 to 50 bar [45-47], which con-
firmed the applicability of the catalyst Cu/ZnO/CeO,@
MOF-5 under mild conditions. Characterizations tech-
niques including scanning electron microscope (SEM),
transmission electron microscope (TEM), energy disper-
sive X-ray spectroscopy (EDX), N, adsorption, and X-ray
diffraction (XRD) were employed to observe the changes
in Cu phase, dispersion, average size and specific surface
area. Besides, CeO, was also compared with commercial
catalyst and showed superior performance as support for
Cu/ZnO since it led to smaller Cu particle size and dis-
persion through strong metal-support interaction.
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2 Experimental
2.1 Catalyst Preparation
2.1.1 Materials

Zinc nitrate hexahydrate (Zn(NO;),-6H,0), copper nitrate
trihydrate (Cu(NO;),.3H,0), cerium nitrate hexahydrate
(Ce(NO3)5-6H,0), triethylamine, N,N-Dimethylformamide,
ammonium hydroxide (NH,OH), H,BDC (Benzene-1,4-di-
carboxylic acid), aluminium oxide (Al,0O5) and sodium car-
bonate (Na,COs;), and commercial ZIF-8 were purchased
from Merck (Barcelona, Spain). The purity of all reagents
is higher than 99.0% and they were used as received. The
carbon dioxide and hydrogen mixture with a molar ratio of
1:3, respectively, was provided by Carburos Metalicos, S.A.
(Barcelona, Spain).

2.1.2 Synthesis of ZnO

ZnO nanoparticles were synthesized via precipitation
method [17]. Typically, Zn(NO;),-6H,0 (15 g, 0.2 mol) was
dissolved in 250 mL of de-ionized (DI) water for 30 min and
then transferred to a 500 mL Scharlau Minireactor HME-
R/500 with mechanical stirring and heating. Then a solution
of Na,CO; (0.2 M) was added dropwise using a peristaltic
pump (rate of 5 mL/min) and the mixture was stirred at 120
rpm and 60 °C for 2 h, then washed with deionized water
(DI) water and centrifuged 3 times (10 min and 6000 rpm).
The obtained slurry was dried at 105 °C overnight.

2.1.3 Synthesis of CeO,

CeO, nanoparticles were prepared through precipitation
method [32]. Typically, Ce(NO;);-6H,0 (1.25 g, 0.287
mmol) was dissolved in 50 mL of de-ionized (DI) water.
Then, a solution of NH,OH (5%, v/v) was added dropwise
until the pH of the solution reached 10. The mixture was
aged for 3 h, then washed with DI to set the solution pH at 7
and then centrifuged (10 min and 6000 rpm). The obtained
slurry was dried at 80 °C for 12 h. Finally, the dried sample
was calcined at 400 °C for 3 h.

2.1.4 Synthesis of Cu/Zn0/CeO,

Furthermore, certain amounts of previously prepared ZnO
and CeO, were dispersed in 50 mL DI water for 2 h using
an ultrasonic bath. Next, the suspension was transferred
to the previously described 500 mL Scharlau Minireactor
HME-R/500, and then a certain amount (to keep the ratio
of Cu/Zn/Ce as 3/3/1) of Cu(NO;),-:3H,0 was added and
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the mixture was left to be stirred for 30 min at 60 °C and
120 rpm. Then, sodium carbonate (1M) solution was added
dropwise to reach a pH of 10. The resultant mixture was
aged for 2 h at 60 °C while stirring at 120 rpm. Afterwards,
the final slurry was washed with DI water and centrifuged 3
times and dried at 105 °C overnight. Cu/ZnO and Cu/ZnO/
Al,O; were synthesized with the same procedure under the
same conditions with the same ratios of Cu, Zn, and Al as
in Cu/ZnO/CeO,.

2.1.5 Synthesis of MOFs

The MOFs were prepared according to the methods avail-
able in literature [48, 49]. For the synthesis of MOF-5,
triethyamine (3.4 mL) was added dropwise to a N,N-
dimethylformamide (DMF) solution (100 mL) contain-
ing Zn(NO;),-6H,0 (1.786 g, 6 mmol) and H,BDC (0.5
g, 3 mmol) under strong stirring at room temperature and
aged for 2 h. The resultant solution was then washed with
DMF and centrifuged 3 times. Finally, the slurry was dried
at 90 °C for 12 h to obtain the final nano particles. The
same procedure was used for the Ce-based MOF using
Ce(NO3);-6H,0 as Ce precursor.

2.1.6 Synthesis of Cu/Zn0O/Ce0,@MOF-5

0.5 mmol of the as-synthesized MOF-5 was dispersed in
50 mL of DI water for 2 h using an ultrasonic bath. In addi-
tion, certain amounts of as-prepared ZnO and CeO, were
dispersed in 50 mL of DI water for 2 h using an ultrasonic
bath. The solution containing Zn and Ce was transferred
to the 500 mL Scharlau Minireactor HME-R/500 while a
defined amount (to keep the ratio of Cu/Zn/Ce as 3/3/1) of
Cu(NO;),-3H,0 was added and the mixture and allowed to
be stirred for 30 min at 60 °C and 120 rpm. Then, the MOF
suspension was added and the resultant mixture was also
stirred at the same conditions for 30 min. Finally, sodium
carbonate (1M) was added dropwise to the solution to reach
a pH of 10. The resultant mixture was aged for 2 h at 60 °C
while stirring at 120 rpm. The resultant slurry was the
washed with DI water and centrifuged 3 times and dried at
105 °C overnight to obtain the final nanoparticles. Cu/ZnO/
CeO, supported on the other two MOFs were prepared with
a similar procedure.

2.2 Catalyst Characterization

Scanning electron microscopy (SEM) (Merlin FE-SEM)
equipped with an energy dispersive x-ray spectroscopy
(EDS) detector (EDS Oxford LINCA X-Max) was used to
determine the size distribution and elemental composition of
the nanomaterials. Transmission electron microscopy (TEM)
(Hitachi H-7000) was also employed to analyse the size and
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morphology of the NPs. Specific surface area, total pore vol-
ume and pore size distribution were measured by means of
nitrogen adsorption/desorption at — 196 °C using an ASAP
2020 Micrometrics Inc (BET analyser). Before analysis,
samples were degassed at 80 °C for 20 h. To determine the
crystalline nature of the catalyst, powder X-ray diffraction
(XRD) measurements were performed. The XRD patterns
were recorded in a diffractometer (Panalytical X’Pert) using
Cu-Ka radiation (A=1.5418 A). The measurements were
made at room temperature at a range of 0-80° on 20 with a
step size of 0.02°. All XRD results were analysed with the
simulation of the NPs obtained using the HighScore Plus
software. The crystal sizes were calculated using Scherrer
equation (Eq. 1):

_ K)
"~ PBcosod @)

where D is mean size of the ordered (crystalline) domains, K
is Scherrer constant, A is the X-ray wavelength,  is the line
broadening at half the maximum intensity (FWHM), and 0
is the Bragg angle (in radian).

2.3 Catalytic Experiments

To investigate the catalytic activity of the catalysts for the
hydrogenation of carbon dioxide to methanol, they were
fixed in a continuous vertical fixed bed tubular stainless-
steel reactor (5.25 mm internal diameter and 8.90 cm length)
resulting in a volume of 1.92 cm?, with a certain amount of
catalyst (25 mg, 3 mm bed height). The catalyst particles
was placed between two thin layers of glass wool inside the
reactor. The catalytic experiments were carried out at low
pressures of 10 and 15 bar and at a flow rate of 10 mL/min
and at temperatures ranging from 260 to 300 °C. The gas
samples were collected using sampling bags (SKC FlexFoil
PLUS Sample Bag) and the collected methanol was analysed
on a gas chromatograph (Shimadzu GC-2010) with a flame
ionization detector (FID) and helium as the carrier gas. The
software used was Chromeleon to determine the concentra-
tions of chemical compounds, with the inlet temperature of
260 °C and the flow of 50 mL/min, and the detector tem-
perature was 280 °C. An Agilent 7890B GC System chro-
matograph was employed to measure carbon monoxide and
carbon dioxide and methane, using a thermal conductivity
detector (TCD), and helium as the carrier gas with an inlet
temperature of 120 °C, an inlet flow of 20 mL/min, and a
detector temperature of 150 °C. The software employed was
Agilent OpenLAB CDS ChemStation (Version A.01.04).
To study the catalytic activity of each samples, methanol
space time yield (STY) and selectivity were calculated.
In the selectivity calculations, only carbon monoxide was
counted as the by-product since there were no other products

observed, and the STY and selectivity of methanol were
calculated using the following Egs. 2 and 3:

CH.OH STY mg _ ( Mass of methanol(mg)formed
: S ) Weaa@) X Hour @
CH,OH Selectivity(%) = moles of methanol formed %100 3)
n[COZ]m - n[coz]out

while n[co,)., is the amount (in moles) of CO, at the reactor
inlet, x[co,] , stands for the amount of CO, at the reactor

outlet and W_ is the weight of catalyst used (g).

cat

3 Results
3.1 Catalysts Characterization
3.1.1 XRD

The crystallographic structure of the catalyst samples of Cu/
Zn0, Cu/Zn0O/Al,05, Cu/ZnO/Ce0,, Cu/ZnO/Ce0O,@Ce-
MOF and Cu/ZnO/CeO, @MOF-5 were analyzed using XRD
and presented in Fig. 1. The diffraction peaks appeared at
20=35.38°, 38.86°, 48.86°, 61.63°, and 65.89° are attributed
to CuO phase [50]. In addition, ZnO phase was observed at
diffraction angles of 31.74°, 34.42°, 36.35°, 47.39°, 56.53°,
62.95° and 68.04° [51]. As can be seen in Fig. 1, due to the
incorporation of Al,O;, two diffraction peaks at 11.64 and
23.42° appeared, corresponding to ZnAl hydrotalcite phase
formed with the formula Zn, ¢; Al 33(OH),1(CO3)g 145:0.5
H,O [52]. ZnAl hydrotalcites have been patented as precur-
sors of catalysts for the polyethoxylation of alcohols [53].
However, according to the STY and selectivity results pre-
sented later, the presence of this phase did not positively
contribute to the production of methanol in the hydrogena-
tion of CO, reaction, but led the reaction towards the pro-
duction of carbon monoxide, which can be observed by the
comparison of selectivity results of Cu/ZnO and Cu/ZnO/
Al,O;. Additionally, the peaks appeared at diffraction angles
of 28.49°, 33.02° and 76.54° are ascribed to the formation of
CeO, in crystalline phase, which is in agreement with the lit-
erature [54]. Furthermore, the peaks appeared at diffraction
angles of 8.4°, 10.6° and 18.1° as presented in Fig. 1 show
the formation of Ce-based MOF as reported in literature
[55]. Moreover, the intense peaks that appeared at diffraction
angles of 6.8°, 9.7°, 13.7° and 15.4° and a few weak peaks
in the range of 20 to 60° indicate the formation of MOF-5 in
the crystalline phase [48, 49]. The comparison between the
XRD pattern for MOF-5 and the catalyst Cu/ZnO/CeO, @
MOF-5 shows that the crystalline structure of MOF is main-
tained during the preparation of the catalyst Cu/ZnO/CeO,@
MOF-5 (Fig. 1b). Scherrer equation was applied to the data

@ Springer
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Fig. 1 X-ray diffraction patterns of the catalyst samples

Table 1 Textural and crystal

. Samples BET surface area Total pore volume Average pore Average CuO
properties of the catalyst (m2/g) (cm’ /g) size (nm) crystal size
samples (nm)?*

Cu/ZnO 38 0.167 16.28 24.13
Cu/ZnO/Al,0O4 41 0.237 13.7 17.84
Cu/Zn0O/CeO, 50 0.142 8.48 17.16
Cu/ZnO/Ce0,@Ce-MOF 67 1.04 31 15.72
Cu/ZnO/CeO,@MOF-5 69 0.2 15.45 15.27

Calculated using Scherrer equation from X-ray diffraction data

extracted from XRD analysis to calculate the average size
of CuO particles in each catalyst sample, and the results are
presented in Table 1. As observed, the XRD patterns of all
the catalyst samples demonstrate the identical characteris-
tic peaks corresponding to CuO and ZnO, suggesting that
the addition of neither metal oxides of Al,O5 or CeO,, nor
MOFs did not disturb the crystallinity of Cu/ZnO compos-
ites. However, the intensity and broadness of the peaks are
affected by these additions, which will be further discussed.

3.1.2 BET Analysis

Nitrogen adsorption—desorption isotherms of the catalyst
samples are shown in Fig. 2. The catalysts showed a type
IV isotherm and a H; type hysteresis loop in the relative
pressure (P/P°) range of 0.2—1.0, corresponding to the char-
acteristics of mesoporous materials [56]. The hysteresis loop
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in the relative pressure (P/P°) is narrowed down to 0.5-1.0
and 0.8-1.0 for Cu/ZnO/CeO, and Cu/ZnO/CeO,@MOF-5,
respectively, which indicates the presence of micropores and
mesopores in these catalysts. Furthermore, the pore size dis-
tribution curves corresponding to all samples are displayed
in Fig. 3, while the specific surface area, average pore size
and total pore volume of all the catalyst samples are pre-
sented in Table 1. As can be seen, the magnitude of specific
area of the samples increases as follows: Cu/ZnO/CeO, @
MOF-5 > Cu/ZnO/CeO, @ Ce-MOF > Cu/ZnO/CeO, > Cu/
ZnO/Al1,05> Cu/ZnO. These results indicate that the incor-
poration of CeO, within CuZnO nanocomposite increases
the specific area of the Cu/ZnO nanocomposite more signifi-
cantly than when Al,0O5 is used as support. In case of MOFs
incorporation with the Cu/ZnO/CeO, nanocomposite, higher
specific surface areas are observed, which are attributed to
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Fig.2 BET isotherm for the
catalyst samples
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highly porous structure of MOFs as well as higher Cu dis-
persion and therefore higher Cu available surface area.

3.1.3 SEM and TEM

Scanning electron microscopy (SEM) as well as Transmis-
sion electron microscopy (TEM) analyses for all catalyst
samples were carried out to observe the shape, morphology
and size distribution as presented in Fig. 4. In addition to
these observations, elemental composition of the samples
were obtained from EDS analysis as presented in Table 2.
Furthermore, elemental distribution mapping of the cata-
lyst samples were obtained from EDS analysis to further
facilitate the establishment of the positive effect that the
incorporation of CeO, and MOFs have on the dispersion of
Cu nanoparticles in the catalysts. The elemental distribu-
tion mapping results of the catalyst samples are shown in
Fig. 5, in which (a—e) are corresponding to Cu/ZnO, Cu/
Zn0/Al,05, Cu/ZnO/Ce0,, Cu/ZnO/CeO, @Ce-MOF and
Cu/ZnO/CeO, @MOF-5, respectively. The colors cyan, red,
and yellow are ascribed to oxygen, copper and zinc, respec-
tively. As can been seen, the elemental distribution mapping
can facilitates the observation of CeO, and MOF effects on
the dispersion of Cu and Zn in the catalyst composite, which
will be discussed further.

@ Springer
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3.2 Catalytic Reaction Performance

To evaluate the activity of the catalyst samples, the hydro-
genation of carbon dioxide to methanol was performed under
three different reaction conditions: (1) temperature 260 °C
and pressure 10 bar (2) temperature 300 °C and pressure10
bar (3) temperature 300 °C and pressure 15 bar. The results
of the catalysts hydrogenation reaction in terms of methanol
space—time yield (STY) and selectivity are shown in Table 3
and Fig. 6.

The results showed that the catalyst Cu/ZnO/CeO,@
MOF-5 performed better in terms of methanol STY and
selectivity than the catalyst supported by the other two
MOFs. Methanol STY for the samples increases with the
following order: Cu/ZnO/CeO, @MOF-5 > Cu/Zn0O/CeO, @
Ce-MOF > Cu/ZnO/CeO, > Cu/ZnO/Al,05 > Cu/ZnO. Com-
paring the methanol STY for samples with the specific sur-
face area results presented before, it can be confirmed that
the use of CeO, as a support for Cu/ZnO nanocomposite
contributes significantly to its catalytic activity as Cu/ZnO/
CeO, had higher surface area than the commercial Cu/ZnO/
Al,O;. Moreover, the comparison between the STY and
selectivity results of Cu/ZnO/CeO, and Cu/ZnO/CeO, sup-
ported by MOF-5 can reveal the positive impact that MOFs
incorporation had on the catalytic activity.

As can be seen in Fig. 6, methanol STY corresponding
to MOFs, when alone, were negligible (0.7-1.5 mg g.,, "
h™1), signifying that although MOFs, when used as supports,
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Fig.4 SEM and TEM images of the catalysts samples of a and e Cu/ZnO, b and f Cu/ZnO/Al,O;, ¢ and g Cu/Zn0O/Ce0,, d and h Cu/ZnO/
CeO,@Ce-MOF, i and 1 Cu/ZnO/CeO,@MOF-5, j and m Ce-MOF, k and n MOF-5

Table 2 Elemental composition

of catalysts obtained from EDS Catalysts Atomic elemental composition (%)

analysis C (0] Cu Zn Ce Al
Cu/ZnO 34.14 46.34 9.84 9.67 0 0
Cu/ZnO/AL,O4 52.06 38.50 452 4.42 0 0.50
Cu/ZnO/CeO, 42.66 41.10 7.30 7.32 1.63 0
Cu/ZnO/Ce0O,@Ce-MOF 50.64 38.06 4.26 4.64 2.41 0
Cu/ZnO/CeO,@MOF-5 59.03 31.77 3.82 4.55 0.83 0
Ce-MOF 69.16 29.20 0 0 1.63 0
MOEF-5 64.57 31.16 0 427 0 0
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Fig.5 EDS elemental distribution mapping of the catalysts: a Cu/ZnO, b Cu/ZnO/Al,0;, ¢ Cu/ZnO/Ce0,, d Cu/ZnO/CeO,@Ce-MOF and e
Cu/ZnO/CeO, @MOF-5. The colors cyan, red, and yellow represent the elements oxygen, copper and zinc, respectively

Table 3 Methanol yield (STY)

results of the catalyst samples Samples STY (mg geu™ ™) Selectivity (%)
(1 P ©) (0% @° ©)
Cu/ZnO 14.4 15.4 15.8 76 35 38
Cu/ZnO/Al,04 9.0 10.1 10.6 53 32 36
Cu/Zn0O/Ce0, 15.1 16.2 21.4 71 37 51
Cu/Zn0O/CeO,@Ce-MOF 21.3 21.8 18.3 52 36 38
Cu/ZnO/CeO, @MOF-5 23.3 24.0 25.1 79 53 65
Cu/ZnO/Ce0,@ZIF-8C 15.9 16.7 17.1 61 43 52
Ce-MOF 0.7 0.7 0.8 90 87 89
MOF-5 1.4 1.5 1.5 93 88 90

#The reaction occurs at the temperature of 260 °C and pressure of 10 bar

PThe reaction occurs at the temperature of 300 °C and pressure of 10 bar

“The reaction occurs at the temperature of 300 °C and pressure of 15 bar

contribute to catalytic activity of nanocomposites, they do
not possess the active sites for carbon dioxide to methanol
hydrogenation when used individually. The mechanism of
MOFs contribution to the catalytic activity will be analyzed
in detail in the discussion section.

As can be observed from the STY and selectivity results,
the catalytic behavior shown by all catalysts under two reac-
tion temperatures of 260 and 300 °C indicates that with an
increase in temperature, methanol STY slightly increases,

@ Springer

while selectivity significantly decreases (Fig. 7). Reaction
pressure, on the other hand, appears to cause an increase
in methanol STY and selectivity. It is known that CO,
hydrogenation to methanol is an exothermic reaction [reac-
tion (4)], while the competing reaction, reverse water gas
shift [RWGS, reaction (5)], is endothermic. In addition, the
CO produced through RWGS can go through exothermic
hydrogenation to form methanol [reaction (6)] [57]. Accord-
ing to Le Chatelier’s principle, higher pressure and lower
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Fig.6 Methanol yield (STY) 30

results of the catalyst samples
of a Cu/ZnO, b Cu/ZnO/Al,O;,
¢ Cu/ZnO/CeO,, d Cu/ZnO/
CeO,@Ce-MOF, e Cu/ZnO/
CeO,@MOF-5, f Cu/ZnO/
Ce0O,@ZIF-8C, g Ce-MOF
and h MOF-5 at three reaction
conditions: (1) Temperature
260 °C and pressurel0 bar, (2)
Temperature 300 °C and pres-
sure 10 bar and (3) Temperature
300 °C and pressure 15 bar
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temperature will lead the reaction in favor of methanol for-
mation [58]. This confirms the behavior of the catalysts used
in this study as shown in Fig. 7. Taking into account that,
in this study, CO was the only by-product observed of the
catalytic reaction, and by increasing the temperature, CO
production was increased, which can be confirmed by the
selectivity results. Accordingly, with an increase of pressure
from 10 to 15, methanol formation was favored and selectiv-
ity is shown to elevated:

CO, + 3H, = CH,0OH

4
+ H,0 AH,g5¢ sppa = —40.9 KJ /mol @

CO + 2H, = CH30H AH,q5¢ sypa = —90.7 KJ/mol  (6)

The catalyst Cu/ZnO/CeO, @MOF-5 was finally tested at
different reactions conditions and the methanol STY, selec-
tivity and CO, conversion results are displayed in Fig. 8a
and b. As expected, methanol production and CO, conver-
sion elevated with the increase of temperature and pressure,
while selectivity was gradually decreased with temperature
increase due to the dominance RWGS reaction in higher
temperatures as previously mentioned. To investigate the
stability of the catalyst, Cu/ZnO/CeO, @MOF-5 was tested
at 260 °C and 10 bar for 44 h of continuous reaction and

m 2 3 1M 2y 3 m @ A [DEIN)] @2 3 0 @ G

(c) (d) (e) ® (9) (h)

the results are presented in Fig. 8c. As observed, the cata-
lyst demonstrated an excellent stability and maintained its
catalytic activity with an insignificant decrease in methanol
STY after 44 h.

4 Discussion

To date, the incorporation of different metal oxide supports
with Cu/ZnO catalyst is the object of several investigations.
In fact, these supports can function as structural and elec-
tronic promoters. Structural promotion refers to the fact
that through metal-support interactions, the stabilization
of smaller metal particles can occur, which results in more
active sites [59]. Electronic promotion refers to the modifica-
tion of the active sites quality, which leads to higher intrinsic
activity of the active sites. The change in the contribution
of different surface atom arrangements on Cu particles with
different size impacts the catalytic activity since methanol
synthesis is a structure-sensitive reaction [60]. Al,0; as a
support for Cu/ZnO catalyst has been largely investigated
and commercially used. However, Cu/ZnO/Al,O, showed
poor performance in terms of activity and stability, which
was confirmed in this study. The poor performance of Cu/
ZnO/AlL,0O; can be attributed to the strong hydrophobicity
of Al,O5 [40], and the consequent deactivation during the
hydrogenation reaction as a result of H,O production, as
shown in the reactions 4 and 5. In this study, a comparison
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Fig.7 Combined STY and selectivity results of the catalysts samples
of a CuZnO, b CuZnOAl,0;, ¢ CuZnOCeO,, d CuZnOCeO,@Ce-
MOF, e CuZnOCeO,@MOF-5, f CuZnOCeO,@ZIF-8C, g Ce-MOF

and h MOF-5 at three reaction conditions: (1) Temperature 260 °C
and pressure 10 bar, (2) Temperature 300 °C and pressurel0 bar, (3)
Temperature 300 °C and pressure =15 bar
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Fig.8 a, b Methanol STY, selectivity, and CO, conversion results for
the catalysts Cu/ZnO/CeO, @MOF-5 at different reactions conditions:
(1) 200 °C,10bar, (2) 220 °C,10 bar, (3) 240 °C, 10 bar, (4) 260 °C,

among three samples of Cu/ZnO, Cu/ZnO/Al,O5 and Cu/
Zn0O/CeQ, in terms of methanol yield and selectivity and
via characterization techniques proved the superiority of
CeO, over Al,O; as support for Cu/Zn0O. CeO, has proved to

@ Springer

Reaction conditions

Time(h)

10 bar, (5) 260 °C, 15 bar; ¢ Stability results of catalyst Cu/ZnO/
CeO,@MOF-5 in terms of methanol STY

have strong interactions with Cu leading to higher catalytic
activity of the CeO,-supported Cu-based catalysts in CO,
hydrogenation to methanol [61]. This is due to the fact that
CeO, interaction with Cu enhances the Cu dispersion and
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also results in the formation of oxygen vacancies on CeO,.
More oxygen vacancies enhance the binding and activation
of CO,. As it was seen in X-ray diffraction patterns corre-
sponding to Cu/ZnO and Cu/ZnO/CeO,, the peaks indicating
the CuO and ZnO phase, were broader and less intense when
the catalyst was supported by CeO,. This demonstrates that
more dispersion of CuO and ZnO occurred in case of the
catalyst CuZnOCeO, as a result of the strong interaction that
CeO, has with CuO and ZnO, which causes the electronic
modification of Cu and Zn particles in the catalyst. This is
in accordance with the specific surface area results that were
reported to be 38 and 50 m*/g for Cu/ZnO and CuZnOCeO,,
respectively. The higher specific surface area of the catalyst
supported with CeO, is clearly a result of more CuO and
ZnO dispersion as well as the presence of micropores in the
catalyst as shown in BET results. Furthermore, the higher
dispersion of Cu and Zn in the catalyst CuZnOCeO, can
also be clearly observed in the images obtained from EDS
elemental mapping as shown in Fig. 5, as well as in SEM
and TEM images illustrated in Fig. 4. SEM and TEM images
of Cu/ZnO and Cu/ZnO/CeO, are also in agreement with
the aforesaid statements and demonstrate the existence of
well-dispersed CuO and ZnO due to CeO, support. As it
was observed for Cu/ZnO samples in Fig. 4a, the nanopar-
ticles of CuO are agglomerated in shape of spheres of 1 to
2 um leading to improper dispersion of Cu active sites. This
account for low methanol STY for Cu/ZnO compared to Cu/
ZnO/CeO,. Whereas, better Cu dispersion in the sample Cu/
ZnO/CeO0, is clearly observed in the EDS elemental map-
ping (Fig. 5¢) as well as SEM (Fig. 4c) and TEM (Fig. 4g)
images. On the other hand, the adsorption of H, and CO,
and the formation of reaction intermediates over the cata-
lyst surfaces are the crucial steps in the hydrogenation of
CO, to methanol. In this regard, it has been reported that
the metal-support interaction significantly influences the
adsorption properties of reactants. For instance, Huang et al.
[62] showed that these metal-support interactions in a Cu/
Zn0/Zr0O, composite provides additional active sites for the
adsorption of H, and CO, under lower temperature ranges,
leading to higher methanol yield [63]. Hence, apart from the
electronic and structural promoting effects, metal oxide par-
ticipates in the catalytic reaction through adsorbing and acti-
vating the reactants. As seen in Fig. 6, CuZnOCeO, gave the
methanol STY of 21.4 mg g_,,~' h™'which is much higher
than that of Cu/ZnO and commercial ternary Cu/ZnO/Al,05
with methanol STYs of 15.8 and 10.6 mg g, h™", respec-
tively. This is due to the catalytic activity of the reactive sites
generated in the interface of Cu and CeO, which can adsorb
and activate the CO, as well as higher dispersion and surface
area of Cu sites in Cu/ZnO/CeO, rather than the commercial
catalyst Cu/ZnO/Al,0; and Cu/ZnO. In addition, comparing
the CuO average size corresponding to the catalysts Cu/ZnO
and Cu/ZnO/Ce0, as presented in Table 1, which are 24.13

and 17.16 nm, respectively, it is confirmed that the metal-
support interaction of CeO, with Cu leads to smaller CuO
particles due to structural promotion of the support. A simi-
lar behaviour was observed when the catalyst CuZnOCeO,
was supported on MOF-5. A comparison between methanol
STY and selectivity of catalyst samples Cu/ZnO/CeO, and
Cu/ZnO/Ce0, @MOF-5, as shown in Figs. 6 and 7, reveals
that MOF-5 made a significant effect to the catalytic activity.
First, the effect of MOF-5 on the Cu dispersion similarly can
be explained as for CeO, support. In this regard, better Cu
dispersion in the catalyst Cu/ZnO/CeO, @MOF-5 is obvi-
ously observed in SEM (Fig. 4i), TEM (Fig. 41) and EDS
elemental mapping (Fig. 5e). Well-dispersed particles in
Cu/ZnO/Ce0O, @MOF-5 showed higher methanol STY and
selectivity. Besides, the CuO average size in the catalyst Cu/
Zn0O/Ce0, @MOF-5 was calculated to be 15.27 nm, which is
smaller than CuO average size in Cu/ZnO/CeQO,, which can
be ascribed to structural promotion caused by the interac-
tion between MOF-5 and Cu/ZnO/CeO, Furthermore, the
interaction of metal nodes of MOF-5 with Cu, Zn and CeO,
also helps stabilize Cu particles against sintering during the
reaction, leading to high stability of the catalyst (Fig. 8).

5 Proposed Mechanism

According to the established mechanism of methanol syn-
thesis from CO, hydrogenation for the commercial catalyst
[30, 64—67], we propose the following mechanism for the
reaction. Typically, hydrogen is adsorbed and activated on
Cu surface to form H atoms (H*) [64, 68]. In this regard,
since MOF-5 has a high capacity for hydrogen adsorption
and storage [69], it is hypothesized that MOF-5 can also
facilitates the adsorption and activation of the gas reac-
tants. Moreover, the unsaturated Zn sites of MOF-5 can also
adsorb and activate CO,. A schematic proposed mechanism
for the methanol synthesis from CO, hydrogenation reac-
tion for the catalyst Cu/ZnO/CeO,@MOF-5 is presented in
Fig. 9.

As can be seen in Fig. 9, after the adsorption of hydrogen
and the formation of H* atoms, H* spillover to the metal
oxides across the interface between Cu and metal oxides
to form the corresponding intermediates of the reaction.
As mentioned before, the interaction of Cu and CeO, leads
to higher dispersion of CuO, producing high density of
Cu-CeO, interfaces and higher concentration of oxygen
vacancies. On one hand, the binding and activation of CO, is
favored by these interfaces [70]. On the other hand, oxygen
vacancies in CeO, promote charge accumulation and redis-
tribution, strengthening CO, adsorption and thus stabilizing
the key carbonate intermediates engaged in methanol forma-
tion [71]. Then, the carbonate species react with the adjoin-
ing hydrogen atoms to form methoxide and formate, and
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eventually methanol. As observed in selectivity results, the
incorporation of Ce-MOF promotes the methanol STY while
leading to a decrease in selectivity of methanol. This shows
that the interaction between Ce nodes of Ce-MOF with metal
sites of the catalyst leads to the growth of active sites being
more favorable to CO production rather than methanol.
Besides, the catalyst supported by MOF-5 not only demon-
strated better methanol STY than Cu/ZnO/CeO,, but also
promotes the production of methanol over CO. This can be
attributed to the interaction between Zn nodes of MOF-5 and
the active sites of catalyst Cu/ZnO/CeQ,, resulting in the
sites which enhance the methanol production reaction via
controlling the reaction intermediates in favor of methanol
production. More detail information of the reaction mecha-
nism over the catalyst Cu/ZnO/CeO, @MOF-5 can be found
through in situ diffuse reflectance infrared Fourier transform
(in situ DRIFT) analysis which is recommended to be car-
ried out in perspective studies.

6 Conclusions

Three catalysts including Cu/ZnO/CeO, @MOEF-5, Cu/ZnO/
Ce0O,@Ce-MOF, Cu/Zn0O/Ce0O,@ZIF-8 were synthetized
and tested for methanol synthesis using CO, hydrogenation.
Comparing the methanol yield and selectivity obtained for
these catalysts and Cu/ZnO/CeO, prepared in this study, the
impact of MOFs incorporation was clearly observed on the
catalytic activity, which was further confirmed by characteri-
zations results. SEM, TEM, XRD, EDS and BET analyses
demonstrated the positive effect of MOF-5 as well as the
effect of CeO, as a support for Cu/ZnO nanocomposites.

@ Springer

CeO, performed more efficiently than commercial Al,O5 as
support, leading to higher Cu dispersion and smaller Cu size
and therefore higher Cu active sites. Eventually, Cu/ZnO/
CeO, supported on MOF-5 resulted in a higher methanol
yield and selectivity, which can be explained by smaller Cu
size and higher specific area for Cu/ZnO/CeO, @MOF-5.
MOF-5 and its interaction with metal and metal oxide sites
of Cu/ZnO/CeO, and their interfaces was also assumed to
contribute to the adsorption and activation of hydrogen and
CO,, leading to faster reaction kinetics and more methanol
productivity. Finally, the catalyst performed well in terms of
stability, showing an insignificant activity loss after 5 h of
continuous reaction.
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