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Abstract

A growing awareness of the need to control the CO» concentration in the atmosphere spurs the
demand for novel technologies to convert CO; to useful chemicals. Methanol as a high-quality
liquid fuel is the main focus of CO> conversion and an active catalyst is the key for the methanol
synthesis from CO; under mild reaction conditions. In this study, a new way of synthesizing
catalysts with highly dispersed nano copper particles is reported and the characteristics of the
nano catalysts compared with that of normal copper catalyst prepared using a deposition
precipitation (DP) method. These copper-based catalysts can be well dispersed on layered
hydrotalcite (HTC). The catalysts were prepared with the addition of a copolymer of
polyethylene glycol and maleic acid (PEG-MA). This resulted in a significant decrease in
particle size and exhibited efficient catalytic performance in a 1-butanol promoted CO:
hydrogenation reaction at 170 °C, 3MPa. The work also confirms the status of Zn as an

influential factor for methanol synthesis. The application of ion-exchange process and



stabilizers to catalyst preparation effectively improves the CO; conversion rate and the

selectivity to methanol, which also inspires the development of catalysts from various fields.
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1. Introduction

According to the analysis from NOAA’s global Monitoring Lab, the global average
atmospheric CO; in 2022 was 421 ppm, setting a new historic record despite the continued
economic drag from the COVID-19 pandemic[1]. CO2 as a major component of greenhouse
gases, is responsible for about two-thirds of the total heating influence generated from human
activities[2]. Many researchers now are focusing on converting CO; to other value-added

chemicals to form a win-win situation on economic and environmental factors.

Catalytic hydrogenation of CO> to methanol is widely considered to be a promising means of
mitigating CO> emissions, since methanol is an important building block in a range of
industries. Due to the chemically inert nature of CO., a thermodynamic barrier needs to be
overcome by increasing the reaction temperature to at least 240 °C to facilitate CO; activation
in the process of traditional CO> hydrogenation in a gas-phase reaction[3]. This results in a
low CO2 conversion and rapid deactivation of catalysts in the highly exothermic reactions. Fan
et al[4] first proposed a new reaction route for methanol synthesis by the hydrogenation of
carbon dioxide via formic ester based on the combination of a conventional Cu/ZnO catalyst

and ethanol as a catalytic solvent at 443K and 30 bars pressure. The alcohol promotes methanol



synthesis by altering the reaction route (Eq.1-3), making methanol production at mild reaction
conditions (423-443 K and 30-50 bars) practical. 1-butanol was chosen as the alcohol solvent for
this project since it has a low vapour pressure under high temperatures and a high boiling point. It

showed excellent performance in assisting the CO; hydrogenation to methanol reaction[5].

CO, + H, = HCOOH (1)
HCOOH + ROH = HCOOR + H,0 @)
HCOOR + 2H; = CH;OH + ROH 3)

Metallic copper has been identified as the catalytically active component for methanol
synthesis[6-8], and copper-based catalysts have already been widely used in industrial-scale
methanol production[9, 10]. It is reported that the activity of copper-based catalysts is
dependent on the dispersion of Cu nanoclusters on the support[11], while the size of Cu
nanoclusters shows a strong correlation to its catalytic performance[12, 13]. Xiao et al[14]
showed that the reduction of copper particle size from 28 nm to 6.5 nm increased CO>
conversion from 2.5% to 10.7%. However, it is difficult to control the size of copper particles
to the nano size due to aggregation tendency of all nanoparticles. One way to overcome this
problem and synthesize a catalyst that is uniform in size, shape, composition is using additives
that control particle dispersion and by implication, limit aggregation[15]. Water soluble
polymers consisting of multiple repeating units can absorb quickly to the surface of metal
preventing particle growth and overcoming any displacement stresses due to particle
interactions. Many researchers have successfully synthesized Cu NPs by chemical reduction in
Cu?*solutions in the presence of polymers [16]. Therefore, it shows promise as a method to

synthesize effective copper-based methanol catalysts.

In this study, PEG-MA, a comb-graft copolymer was used as a stabilizer to control the size of
copper particles supported on a commercial hydrotalcite (HTC, MG 50)[17, 18]. It is well
known that a large specific surface area is beneficial for the dispersion of active metals, and
the special structure of HTC for ion exchange make it a suitable support material for this
research[19]. The cation ions in the Brucite-like layer of HTC can be exchanged with other
divalent M?* and trivalent M3" ions. Natesakhawat et al[20]. found that the addition of ZnO to
a copper-based catalyst can create a special site that acts as a CO» adsorption site at the interface
of the Cu/ZnO, further improving the catalytic performance of Cu NP catalyst. Zn>" was
selected to proceed the ion exchange process with Mg?" on a commercial HTC, synthesizing a

new supporting material for Cu NP. The activity and structure of these novel Cu NP catalysts



prepared through a new synthesizing route were explored and studied under mild reaction

conditions (170 °C, 3Mpa) for the catalytic CO; hydrogenation reaction.

2. Experimental section

2.1 Catalyst preparation

2.1.1 CuNP-HTC

The catalyst support material was a Mg/Al carbonate hydrotalcite namely PURAL MGS50
(ALLO3: MgO 50: 50 wt.%. ratio) purchased from SASOL. The HTC was first activated for 4
hours in air at 400 °C, and then it was added into a 3mmol/L CuSO4-5H;0 solution and stirred
for 1 hour to make a homogeneous slurry. PEG-MA comb polymer (addition rate of 20% of
the copper mass) was then added to the mixture while vigorously stirring. The pH value of the
mixture was adjusted using NaOH solution (0.1M) to ~7. After stirring for half an hour, excess
NaBHy4 as a reducing agent, calculated based on 4 times molar ratio of copper (0.1M dissolved
in methanol) was added dropwise into the mixture. The colour of the mixture changed from
blue to brown, indicating the formation of Cu nanoparticles (Eq.4). Finally, the well-reduced
mixture was filtered, washed with deionized water, and finally dried at room temperature under
vacuum overnight. The whole synthesis process was carried out in an inert atmosphere(N2) to

prevent oxidation of the reduced nano Cu.

Cu?* + 2BHy + 6H,0 = Cu + 7H, +2B(OH)3 (4)

2.1.2 Cu-HTC

Cu-HTC catalysts were prepared by a deposition precipitation (DP) method[21] at room
temperature. The activated HTC was added to 3 mmol/L CuSO4-5H>0 solution and stirred for
half an hour to make a homogeneous slurry at room temperature. K2COj3 solution (1.2 mol/L)
was added dropwise to the suspension under vigorous agitation to adjust the pH value to
approximately 10 and the mixture was stirred for another 2 hours. After that, the precursors
were gathered by centrifugation, washed with deionized water until the pH was 7, and dried at
120 °C overnight. The dried sample was calcined at 350 °C in air to obtain CuO-HTC. Finally,
the reduction process for CuO-HTC was conducted in a tube furnace in 5% H/Ar (Coregas)

flow for 6 hours at 350 °C.

2.1.3 Supporting material HTC(IE)



A proportion of Mg?" or AI** in the Brucite-like layer of HTC is exchangeable with a variety
of divalent M?** and trivalent M3" ions with similar ionic radii to those of Mg?* and AI**
respectively. The activated HTC was added to 0.1 mol/L zinc nitrate solution and stirred at
80°C for 6 hours. The liquid mass to solid mass ratio was 40. After stirring, the suspension was
collected and dried in flowing air at 110 °C for 20 hours and then ground into a fine powder.

The supporting material was labelled as HTC (IE).
2.1.4 Cu NP- HTC(IE)

The synthesis process for Cu nano supported on HTC (IE) was the same as that of Cu NP-HTC,
only the supporting material was changed from HTC to the pre-prepared HTC(IE).

2.1.5 Cu-HTC(IE)

The synthesis process for Cu nano supported on ion-exchanged HTC was same as that of Cu -

HTC only the supporting material was changed from HTC to the pre-prepared HTC(IE).
2.2 Characterization of catalysts

The thermal stability of the catalysts and supporting material HTC were measured on a thermal
gravimetric analyzer (TGA; TGA/SDTAS851e, Mettler). The tested temperature was from 50-
750 °C with a ramp rate of 5 °C/ min.

H>—TPR measurements were performed on a BELCAT-M (MicrotracBEL) to measure the
reducibility of the catalysts. 20 mg of sample was first placed in a U-tube quartz reactor and
swept with He to eliminate possible impurities at 200 °C for 2 h. After cooling, the samples
were heated to 350 °C at a rate of 10 °C/min in Hz/Ar (Coregas) mixture. The signal was

recorded by mass spectrometry (BELMass, MicrotracBEL).

The basicity of the prepared catalysts was measured using a CO> temperature programmed
desorption (CO2-TPD) method (BELCAT-M, MicrotracBEL). First, pure Ar (Coregas) was
introduced to remove the moisture and other adsorbed molecules at 300 °C for 2 hours and then
cooled to 40 °C. Subsequently, CO, was introduced to the reactor at 120 °C for 1 hour a a flow
rate of 30 ml/min. The desorption process was performed by heating the sample at a rate of
5 °C/min from 25 °C to 350 °C in Ar. The desorbed CO, was also detected by mass
spectrometry (BELMass, MicrotracBEL).

The dispersion of Cu (Dcu) and the exposed Cu surface area (Scu) were determined by

dissociative N>O adsorption and performed on a BELCAT-M, MicrotracBEL. The sample was



first reduced in 5% Hz/Ar flow (30 mL/min) for 4 h at 300 °C, and the amount of hydrogen
consumption was denoted as X. After reduction, the sample was cooled to 25 °C in Ar and
maintained for 30 min. Subsequently, the sample was exposed to 5 % N>O/He at 50 °C for 1 h
to ensure that the metallic copper Cu’ was completely oxidized to Cu®. The oxidized sample
was purged in Ar to remove residual N2O and cooled to room temperature. Finally, 5% Hz/Ar
was introduced to the reactor to reduce the CuzO to metallic Cu with a temperature programed
to increase to 500 °C at a ramp rate of 5 °C/min. The amount of H> consumption in this part

was denoted as Y.

2y (5)
Dy (%)="x100%
X
2YXN,
Scu(m?/g)= o <100% ©)

where Dcy is the dispersion of Cu, Scyis the exposed copper surface area per gram
catalyst, N, is the Avogadro’s constant (6.022 x 10> mol!), N (1.47 x 10') is the number of
metallic Cu atoms per square meter and m is the amount of catalyst. The experimental error

in Scy and D¢y was estimated at +1% from three repeat steady-state measurements[22, 23].

The phase analysis and crystal size were investigated by X-ray diffraction with Cu-Ka radiation
(XRD, Bruker AXS, D8 Advance). The XRD pattern was collected in 26 ranging between 20 °
and 80 °. Cu crystallite size was calculated by the well-known Scherrer formula as given:
ki (7)
dCu =
B cos 8

where D is particle size in nm, A refers to X-ray wavelength (1.5418 nm), 6 is Bragg angel and

B represents half maximum width of the selected peak.

Scanning electron microscopy (SEM) (FEI Quanta 650F ESEM) equipped with an energy-
dispersive X-ray spectroscopy source (EDX) was used to determine the morphology, size

distribution, and composition of the nanoparticles.

The BET surface area, pore volume and pore size of the catalysts were determined by N»
adsorption and desorption isotherms at 77K using a constant-volume adsorption apparatus
(Micromeritics, ASAP 2020). The Barret-Joyner-Halenda (BJH) method applied to the N>

adsorption data evaluated porosity distribution.

2.3 Evaluation of catalytic performance



Activity studies of the catalysts were performed in a batch reactor as shown in Figure S1 for
CO; hydrogenation to methanol. A leakage test was performed each time prior to experiments
for safety reasons. The catalyst was ground and sieved to 100 um for each experiment. 1.5g of
the synthesized catalyst was loaded into the reactor cell containing S0mL 1-butanol in an argon
glove box to avoid catalyst oxidation. The whole reaction apparatus was evacuated to remove
air first and then the reactor was pressurized with the feed gas (CO2: H>=1:3). Each batch
proceeded at 170 °C, 3 MPa, under vigorous stirring at 600 rpm for 24 h. The pressure and
temperature data during the reaction process was recorded automatically via LabVIEW
software. Both liquid and gas samples were analyzed on a gas chromatograph (GC7890B,
Agilent) equipped with a thermal conductivity detector (TCD) and flame ionization detector
(FID). The catalytic performance was reported in terms of CO> conversion (X, ), space-time

yield of methanol STYmeon, methanol selectivity (Smeon), and CO selectivity (Sco).

o= mol of C in final productsx100% (8)
€02 ™ mol of CO, feed

mol of methanol product x My.on

TY =
ST meon mass of catalyst (g)x reaction time (h) ©)
_ mol of methanol product x100% (10)
MeOH mol of all products
_ mol of CO product x100% (11)
co=

mol of all products
3. Results and discussion

3.1 Structural and morphological characterization

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were
conducted to explore the structure of HTC after the ion-exchange process as described in 2.1.3.
The SEM images shown in Figure 1 demonstrate that the morphology of HTC before and after
the ion exchange process remains stable, which indicates the exchange of Mg?* cations in the
HTC layer with Zn** does not affect the structure of HTC. Elemental analysis conducted by

EDX is shown in Table S1. Before the ion-exchange process, no Zn could be detected, while



after the process, the Zn weight percentage was 34.53% and the Mg/Al atom ratio changed
from 1.34 to 0.91, indicating partial replacement of Mg by Zn.

Figure 1. SEM images of HTC structure. a) before ion exchange. b) after ion exchange.

The thermal stability of catalysts and supporting materials was studied by thermogravimetric
analysis (TGA) and derivative thermogravimetry (DTA), and the profiles are shown in Figure
2. The weight loss was 16% for the original supporting material HTC in the tested temperature
zone, and three main weight loss stages were observed in all the tested samples. The first stage
appeared below 200 °C and accounted for 2-5% of weight loss due to the elimination of
physically adsorbed and interlayer water. The weight loss in the second stage was between 200
to 400 °C ascribed to the removal of hydroxyl groups and carbonate anions in the brucite-like
layers. When the temperature was above 400 °C, the third stage of mass loss occurred due to
the decomposition of carbonate anions in the interlayer region[24]. The stability of the
supporting material HTC after ion-exchange was improved (Figure 2d), and the Cu NP-
HTC(IE) catalyst showed the highest stability of all the tested samples (Figure 2f). Since the
reaction temperature utilized herein was 170 °C, the mass loss for all the catalysts was less than

5%.
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Figure 2. TGA-DTA profiles of a) HTC, b) Cu-HTC, ¢) Cu NP-HTC, d) HTC(E), ¢) Cu-
HTC(E), f) Cu NP-HTC(E).

The reduction behaviour of the catalysts made by the deposition precipitation method was
evaluated using H>-TPR experiments. From the profiles shown in Figure S2, the reduction
peaks were both in the range from 150 to 300 °C, so the reduction temperature was chosen as
350 °C for the catalysts to ensure completely reduction of Cu?* to metallic Cu’. The reduction
peak of Cu-HTC(IE) shifted to a lower temperature indicating that the incorporation of Zn

favors the reduction behavior of Cu?*[25].

Basic sites on the catalysts play a crucial role in CO, adsorption and activation, which is one
of the most important processes in CO> hydrogenation to methanol. The reaction temperature
in this project was below 200 °C and the strong basic sites appeared above 450 °C, attributed
to the existence of low-coordination oxygen anions. The basic sites below 450 °C are therefore
classified as weak and moderate basic sites, symbolized as o and B respectively. The weak
basic sites (o, peak at 200 °C) were attributed to CO> binding over the surface OH™ group and
moderate basic sites (p, peak at 270 °C) were ascribed to CO» binding over unsaturated metal—
oxygen pairs[26]. Figure 3 indicates that the introduction of Zn to the supporting material

significantly increases the intensity of basic sites, which contributes to easier CO; adsorption

and activation[27].
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Figure 3. CO2-TPD profiles of the catalysts

The XRD patterns for the various reduced catalysts are shown in Figure 4. Diffraction peaks
assigned to Cu (JCPDS card No. 85-1326) are observed at about 43.5° (111), 50.4° (200) and
74.2° (220) in all the copper-based catalysts indicating that copper was successfully loaded
onto the supporting material and reduced to Cu’. The peak pattern of the HTC(IE) sample
showed obvious peaks for ZnO (JCPDS card No. 80-0074) compared with the original HTC
sample, demonstrating a successful ion-exchange process. The Cu-HTC(IE) and Cu NP-
HTC(IE) catalysts both showed the existence of Cu and ZnO, while the peak pattern of Cu NP-
HTC(IE) was not as obvious as that of Cu-HTC(IE). It is hypothesised that this is due to the
higher level of dispersion of the copper particles prepared by the new synthesis route. The
magnitude of the crystallite size of Cu (dcu) was calculated based on the full width at half
maximum of the strongest diffraction peak at 43.5° (111) using the Scherrer equation and is

shown in Table 1.
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Figure 4. XRD patterns for various reduced Cu based catalysts

The specific surface area and pore structures for these catalysts obtained from Nz-physisorption
are presented in Table 1. It is observed that the surface area of nano Cu catalysts was higher
than that of Cu catalyst loaded on the same supporting material prepared by the traditional
precipitation method, while the crystallite size of copper measured by XRD was smaller in
nano catalysts, showing an opposite trend compared with the BET surface area. The increased
surface area and decreased copper particle size in nano catalysts exhibited is attributed to the
PEG-MA polymer preventing particle size growth, providing more active sites for CO»
conversion. From the data presented in Tablel, it is shown that the catalysts with smaller copper

particle size exhibited a higher Scy and D¢y, which implies copper particle size is a strong

influencing factor in Scy and Dc.[26].

Table 1. Physicochemical properties of reduced catalysts.

. BET surface Pore Pore  Average de®  Dca® S
Subject area (m?/g) volume  size particle mm) (%) (mYg)

& (cm3/g)  (nm) size (nm) ° &

Cu-HTC 75.99 0.14 9.89 78.95 33.74 344 2234

Cu NP-HTC 102.3 0.14 9.72 58.66 22.08 6.19 40.19
Cu-HTC (IE) 116.3 0.24 10.84 56.31 14.71 820 53.24
Cu NP-HTC (IE) 171.0 0.28 9.95 35.09 10.01 18.61 89.41

2 Calculated by the Scherrer equation based on the diffraction peak of Cu at 26 =43.5° (111)

® D¢y, Scu calculated from N>O chemisorption

The morphologies of catalysts prepared through different processes is shown in SEM images
in Figure 5. Copper particles of the catalysts synthesized with the addition of polymer were
more uniformly distributed on the supporting material and maintained at a smaller size, much
less than 100nm, presenting a perfect nano-morphology (Figure 5b and 5d). In contrast, the
catalysts prepared by the DP method, the copper particles were aggregated to form large bulk
particles (Figure 5a and 5c). The difference between the supporting material HTC and HTC
(IE) was not an influencing factor of catalyst morphology in this project. The metal components
on the surface of catalysts obtained from EDX analysis are presented in Figure 5e. The copper
weight percentages detected by EDX in all catalysts were consistent with the initial calculated

addition about 20 wt.%, and since Mg and Al have already been shown to not be the main



influencing factors in the catalytic methanol synthesis reaction, the weight percentages of
copper and zinc were the main indicators. The zinc component on the surface of catalysts
supported by HTC(IE) could be easily detected by EDX, further confirming the success of zinc

addition through ion exchange process.

C DOCu C ODMg (DAl _D7n
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Figure 5. SEM images and EDX analysis of catalysts: a) Cu-HTC; b) Cu NP-HTC; c) Cu-
HTC(IE); d) Cu NP-HTC(IE); e) weight percentages of metal components detected on the
surface.

3.2 Catalytic activity of Cu nano catalysts

The catalytic activity of these copper-based catalysts was evaluated for CO; conversion to
methanol with the assistance of 1-butanol solvent in the batch reactor (Figure S1). Based on
the results obtained from GC and the reaction equation (1) to (3), the only intermediate liquid
phase product that could be detected was butyl formate (BF). The reverse water-gas shift
reaction (RWGS) was a common second reaction that occurred during the catalytic CO>
hydrogenation to methanol reaction, which produced CO as a gaseous by-product. The CO»
conversion rates and space time yield (STY) of methanol at 170 °C, 3MPa in the batch reactor
with different catalysts are shown in Figure 6a. For the catalysts with same supporting material
and copper weight percentage, the catalyst with copper nanoparticles (Cu NP-HTC and Cu NP-
HTC (IE)) clearly showed better performance in terms of CO; conversion and STY methanol
compared with Cu-HTC and Cu-HTC(IE) respectively. This reflects the advantages of the new
Cu nano catalyst preparation methodology inclusive of the addition of PEG-MA. It also
verifies the effect of copper particle size on CO; conversion. Generally, the conversion of
COz needs efficient adsorption and activation of both H, and CO; on the catalyst surface[28],
so the low CO; conversion over metallic Cu was mainly ascribed to weak CO, adsorption

ability[29] without a ZnO promoter. With the addition of ZnO, both the CO; conversion and



STYwmeon of the same catalyst were improved, and the catalyst Cu NP-HTC (IE) showed the

highest CO> conversion rate and STYwmcon among all the tested catalysts.
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Figure 6. Catalytic performance of catalysts. a) CO2 conversion and space time yield (STY) of

methanol. b) Selectivity of final products

As for the selectivity for all the products final obtained after the alcohol assisted CO2 conversion
reaction, it is observed that for the catalysts without Zn as a promoter, the selectivity for
methanol was quite low. ZnO provides active sites for hydrogen spill-over, and serves as a
reservoir for atomic hydrogen[30], facilitating the reactions descripted in Eq.1 and Eq.3, leading
to enhanced COz conversion and methanol selectivity. With the help of nano Cu particle and
Zn promoter, the selectivity for the only liquid intermediate product butyl formate (BF)
decreased from nearly 80% to only 20%, contributing to the superior methanol selectivity (64%)
of the Cu NP-HTC (IE) catalyst. Interestingly, the CO selectivity was higher with copper nano
catalysts which indicated the small Cu particle size and good dispersion also facilitated CO

formation[31].

4. Conclusions

Several types of copper-based catalysts with different particle sizes supported on a HTC
material have been successfully synthesized for CO; hydrogenation to methanol and their
catalytic efficiencies studied. In general, due to the indispensable roles of both Cu and Zn in
the CO2 hydrogenation reaction, the bimetallic material modified through an ion-exchange
process for HTC showed a higher efficiency than the single metal materials supported on the
original HTC in terms of CO> conversion and methanol selectivity. With the help of a
dispersion controlling additive (PEG-MA), the precipitation of copper to the HTC surface
achieved a small particle size, which further promoted the catalytic performance for both single

metal Cu and bimetallic metal Cu/Zn oriented reactions.



Compared with the traditional catalyst preparation method, the new route of synthesizing
copper-based catalyst proposed in this study saves energy consumption and reaction time and
does not require high-temperature reduction of CuO to Cu. It provides a nano particle size and
uniform distribution of the active metal component (copper) on the catalyst. The catalysts
synthesized by the novel proposed preparation method combining copolymer stabilizer and an
ion-exchange process on HTC support showed superior catalytic performance for CO;
hydrogenation to methanol process compared with the catalysts prepared by a DP method with
the same metallic composition. This catalyst preparation method can not only be applied to
CO; hydrogenation reaction, but also can be used as a reference in other thermal catalytic

reactions, benefiting all those focusing on catalyst synthesis and catalytic reactions.
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(a)

Figure S1. Reaction system. a) Schematic diagram of reaction apparatus 1. Gas cylinders (He,

CO3, Hy); 2. Mass flow controller, 3. Storage tank; 4. Reactor; 5. Heating tape/Cooling bath; 6.

Magnetic stirrer; 7. Vacuum pump; 8. Vent system; 9. Gas sampling tank; 10. GC; BV-1 to
BV-6: Ball valves; NV-1 to NV-2: Needle valves. b) Real reaction apparatus

EDS Analysis | Element Weight (I;/i;centage Atom ratio (%) ( Atlz:[ngl/fiio) (ngﬁﬁ%
Mg 54.29 57.19
Before Al 45.71 42.81 1.34 N/A
Zn N/A N/A
Mg 29.23 39.40
After Al 36.24 43.42 0.91 0.3
Zn 34.53 17.18

Table S1. EDS analysis of supporting material HTC before and after ion-exchanged process
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Figure S2. H>-TPR profiles of the catalysts



