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A B S T R A C T   

To exploit the potential of both ZrO2 and CeO2, the mixed oxides with Ce content up to 5 wt.% were prepared via 
the simple coprecipitation method, subsequently loaded with Au catalysts, and investigated in the hydrogenation 
of CO2. The obtained catalysts, namely Au/ZrCex (x = nCe/nZr = 0.0–0.1), exhibit similar Au content (0.7 wt.%), 
structural and textural properties, however, considerably different acidic/basic properties and great surface 
oxygen vacancy. The introduction of Ce leads to slightly decreased CO2 conversion, which was found propor-
tional to the Ce content. Interestingly, it is evidenced that the methanol selectivity is closely related to the acidic/ 
basic properties of the catalysts employed. Over the broad range of acid site density (ASD) ranging from 400 to 
700 μmol g− 1, the highest methanol selectivity of 27 % was recorded at 250 ◦C and 40 bar over the catalyst 
exhibiting an ASD of 600 μmol g− 1, which decreased with further increasing ASD. The volcano-shape trend was 
also discovered for the base site density showing the critical point at 120 μmol g− 1 over the range from 90 to 210 
μmol g− 1. These findings suggest that the acidic/basic properties can be tuned, e.g., via thermal treatment, to 
tailor the product distribution of the CO2 hydrogenation. Above all, the Au catalysts supported on ZrO2–CeO2 

mixed oxides exhibit excellent catalytic stability, e.g., a methanol formation rate of 3.32 gCH3OH •
(
gAu • h

)− 1 is 
remained over the reaction course of 93 h at 250 ◦C and 40 bar for Au/ZrCe0.025 sample.   

1. Introduction 

Facing one of the acute environmental crises, i.e., global warming 
that is attributed mainly to the massive CO2 emission via the combustion 
of fossil fuels, more and more efforts from both industrial and academic 
researchers have been made to reduce atmospheric CO2 or, even better, 
to transform it into value-added chemicals and thus advocate a circular 
carbon economy. CO2 can be utilized as a promising carbon feedstock for 
various functional molecules, e.g., methanol [1,2], higher alcohols 
[3,4], dimethyl ether [5] and C2+ hydrocarbons [6–8]. The trans-
formation of CO2 into methanol, which is well recognized as an 
important bulk chemical in industries [9,10], is of interest in this study. 
In general, the activation of CO2 molecules remains a challenge in CO2 
conversion due to its notorious high thermodynamic stability (ΔH0

f =

− 393.5 kJ mol− 1) [11]. Moreover, the methanol synthesis from CO2 is 
known from the literature to undergo a competition with the reverse 
water gas shift (RWGS) reaction forming CO and possibly the conversion 

of CO into methanol [12]. While RWGS is endothermic, the methanol 
synthesis is exothermic (ΔH0 = –49.5 kJ mol− 1) and thermodynamically 
unfavored at high temperatures [10,13]. Therefore, catalysts are crucial 
to lower the activation energy and consequently enhance the yield of 
methanol in the thermocatalytic conversion of CO2. Alternatively, CO2 
can be converted using various approaches, including molecular catal-
ysis [14], photocatalysis, electrocatalysis [15] and hybrid approaches 
[16], which are out of the scope of this study. 

There have been numerous attempts to improve the catalytic activity 
via catalyst design. Regarding the active metals, three main groups have 
been studied extensively, namely, Au-, Pd- and Cu-based catalysts, be-
sides other metals (Pt, Ni, Co, Ru, …) [5,12,14]. The selection of cata-
lysts is further extended to bimetallic [17] and trimetallic catalysts [18] 
in order to advance the synergy of the multicomponent catalytic sys-
tems. Irrespective of active metals employed, the particle size and the 
dispersion of active metals were found crucial to the catalytic perfor-
mance in the hydrogenation of CO2. In particular, the increase of Cu 
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particle size (5–25 nm), in association with gradual raising Cu content 
(5–25 wt.%) supported on CeO2-ZrO2 materials, leads to a reduction in 
the number of active Cu sites exposed to reactants, as indicated by lower 
H2 consumption during temperature programmed reduction, and thus 
lower methanol formation activity (from 2.92 to 0.46 
gCH3OH •

(
gCu • h

)− 1) [19]. Similar observations are also recorded for Cu- 
based catalysts supported on various types of materials, e.g., CeO2 [20], 
Al2O3 [21], ZnO [22], and ZrO2 [23]. Au-based catalyst is another 
classic example of the strong dependence between Au particle size and 
the corresponding catalytic activity [24–26]. The highly dispersed Au 
nanoparticles (≈1 nm) supported on amorphous ZrO2 via deposition 
precipitation method provided a much higher methanol formation rate 
than that of Au/ZrO2 (dAu≈50 nm) synthesized by impregnation, i.e., 
2.1 > 0.4 gCH3OH •

(
gcat • h

)− 1 in the methanol synthesis from CO2 
(240 ◦C, 40 bar) [27]. It is suggested that the particle size of active metal 
is strongly associated to the number of interfacial surface area, at which 
the methanol synthesis has been repeatedly reported to take place 
[28,29]. Hence, the high specific surface area of interfacial sites can 
promote the hydrogenation of CO2 into methanol and thus lower the 
formation of CO. 

Besides, there are other factors affecting the catalytic performance of 
solids, in particular, reducibility indicated by the temperature at which 
most of the active metal is reduced, the chemical nature of active sites 
and the corresponding role of each site, and active sites dispersion 
determined by the specific surface area of support materials as well as 
the interaction between the metals and supports. Therefore, one of the 
approaches to improve the catalytic performance is via support 
materials. 

Regarding the support materials, there are a plethora of choices, 
among these, γ-Al2O3, ZnO, CeO2, ZrO2, SiO2, TiO2, and mixed oxides of 
various rare-earth and transition metals are widely studied in the hy-
drogenation of CO2. One of the key roles of these materials is providing 
high surface area and thus improving the dispersion of the active metals. 
Besides, the acid-base properties of the catalyst support are also required 
to influence the catalytic activity of CO2 conversion greatly. The cata-
lysts supported on acidic materials (TiO2, ZrO2) are beneficial for CO2 
conversion [30,31], which is contributed mainly by the RWGS reaction 
forming CO, whereas methanol formation is favored over catalysts 
exhibiting strong basic properties (CeO2, ZnO) coupled with low CO2 
conversion [31–33]. The different behaviors were speculated to asso-
ciate with the high basicity, which reinforced the adsorption of CO2 and 
CO, thereby stabilizing the formate intermediates to methanol and 
possibly hindering the production of by-product CO, respectively [34]. 
Moreover, acidity caused by Cu cations adjacent to oxygen vacancies 
was found to be linear with the methanol formation rate [35]. However, 
further understanding, particularly the influencing manner of these 
basic/acidic sites in CO2 hydrogenation, remains debatable. Further-
more, the combination of different metal oxides, particularly CeO2-ZrO2 
mixed oxides, has shown numerous benefits, including greater disper-
sion, reducibility, and interaction between metallic sites, e.g., Cu and 
support [33,36–38]. Taking into consideration, for example, the Au- 
based catalysts on TiO2, due to the electronic polarization between Au 
and the support only observed in the presence of CeO2, both CO2 
adsorption and activation were greatly improved [39]. Additionally, the 
surface hydroxyl groups available on metal oxides were found to 
participate in the surface chemical reaction and affect the selectivity of 
CO2 conversion into methanol. These groups were found to promote the 
adsorption of CO2 at the isolated Cu sites in proximity resulting in 
bidentate formate, the primary reactive intermediate of methanol syn-
thesis, for urea-assisted hydrothermally synthesized Cu/SiO2 [40]. 
Another study combining experimental and theoretical results for SiC 
quantum dots revealed that the hydroxyl groups lowered the barrier to 
form formate intermediates and thus increased the methanol produc-
tivity [41]. This phenomenon was also observed in various catalytic 
systems, e.g., Rh-based catalysts supported on TiO2 [42] and Cu/γ-Al2O3 

[43]. These are a few factors important for methanol synthesis, apart 
from the morphology of the supports [23,44–48], which are not dis-
cussed in detail. Nevertheless, the changes in catalytic activity seem to 
be under the influence of multiple factors. Thus, one should consider all 
possible reasons and their corresponding gravity to obtain a full spec-
trum based on which solid conclusions can be drawn. 

In our study, the objective was to exploit the advantages of Ce, i.e., 
great basicity and surface oxygen vacancy, in Au catalysts supported on 
amorphous ZrO2 (a-ZrO2) for CO2 hydrogenation. Owing to the great 
number of uniform acidic sites mainly contributed by Lewis acid sites 
and a fraction of surface hydroxyl groups as reported in [49], a-ZrO2 was 
chosen over monoclinic (m-) and tetragonal (t-) ZrO2, two commonly 
found phases of ZrO2. Furthermore, CeO2-ZrO2 mixed oxides were ob-
tained by a simple and low-energy cost coprecipitation method, which is 
highly desired amid the current energy crisis [27]. Accordingly, a series 
of Au catalysts supported on CeO2-ZrO2 mixed oxides with a gradually 
increased molar ratio of Ce to Zr (from 0 to 0.1, with a step of 0.025) was 
prepared. The gradual increase of Ce content offers a systematic 
approach to investigating the influence of Ce on the properties of the 
resulting catalysts based on a-ZrO2. Furthermore, the catalytic activity 
of the Au-based catalysts supported on CeO2-ZrO2 mixed oxides in the 
hydrogenation of CO2 into methanol was examined and elucidated by 
considering various influential factors, e.g., reducibility, acid-base 
properties, chemical environment (of Au, Ce, Zr), and Au particles size 
of the catalysts. 

2. Experimental 

2.1. Synthesis of ZrO2-CeO2 mixed oxides 

The ZrO2-CeO2 nanocomposites were synthesized following a pre-
cipitation method in a previously published work [27] with slight ad-
justments. Typically, 4 g of zirconium (IV) oxynitrate (ZrO(NO3)2⋅xH2O, 
Sigma Aldrich) and a predetermined amount of cerium (III) nitrate 
hexahydrate (Ce(NO3)3⋅6H2O, Sigma-Aldrich) was dissolved in 50 mL 
deionized water resulting in an aqueous solution of 0.1 M Zr4+ and 0.1x 
M Ce3+, respectively, with x denoted for the Ce to Zr molar ratios (x =
nCe/nZr). To obtain high dispersion of Ce in ZrO2, x was varied in the low 
range from 0.000 to 0.025, 0.05, 0.075 and 0.100. The mixture was 
stirred at room temperature (RT) for 30 min. Subsequently, the pre-
cipitation was conducted by adding 5 wt.% ammonia solution (pH = 12) 
dropwise (approximately 10 mL) to the Zr4+ and Ce3+ aqueous solutions 
(pH = 1–1.5) until complete precipitation (pH ≈ 9). The mixtures were 
then placed in a dryer at 80 ◦C under static air for 12 h. Afterwards, the 
obtained mixtures were washed and filtered with deionized water. The 
solids were dried at 90 ◦C overnight and subsequently calcined at 300 ◦C 
under static air for 4 h. The obtained products are labelled as ZrCex with 
x referring to the nominal nCe/nZr ratio. 

2.2. Introduction of Au by deposition precipitation 

In order to obtain small Au particle size, which is favored at low Au 
content, a nominal Au content of 1 wt.% was chosen for Au introduction. 
Specifically, 1 g of ZrCex was added into 50 mL of 1 mM gold (III) 
chloride trihydrate (HAuCl4⋅3H2O, Sigma-Aldrich) aqueous solution. 
The suspension was stirred at room temperature (RT) for 30 min. The 
deposition precipitation was conducted by adding 5 wt.% ammonia 
solution (approximately 3 mL) in droplets until complete precipitation 
(pH = 7). The suspension was then transferred to a dryer, and the 
temperature was kept at 80 ◦C under static air for 6 h. Afterwards, the 
solids were filtered and washed with water. The obtained materials were 
further dried at 120 ◦C for 2 h and named as Au/ZrCex (x = nCe/nZr = 0, 
0.025, 0.05, 0.075 and 0.1). 
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2.3. Catalyst characterization 

The structural properties of all investigated catalysts were charac-
terized by a PANalytical X’Pert PRO MPD X-ray diffractometer (Cu Kα1 
= 0.154 nm). The powder X-ray diffraction patterns were recorded at 
room temperature in the 2θ range from 5◦ to 90◦ with a step of 0.033◦. 

The elemental content of Au, Ce, and Zr in synthesized catalysts was 
determined by optical emission spectroscopy with inductively coupled 
plasma (ICP-OES) using a Varian 715-ES ICP Optical Emission Spec-
trometer. In preparation for the analysis, 10 mg of the samples were 
dissolved in 10.0 mL HF and 1.0 mL HClO4 and diluted to obtain 50.0 mL 
aqueous solutions. 

N2 sorption isotherms were recorded on a volumetric adsorption 
analyzer Tristar 3000 (Micromeritics, Norcross (GA), USA) at 77 K. Prior 
to the measurements, the samples were evacuated at 180 ◦C for 10 h. 
The specific surface area (ABET) and total pore volume (VP) were 
determined using the Brunauer–Emmett–Teller (BET) model and single 
point (p/p0 = 0.98) method, respectively. 

Temperature-programmed reduction with H2 (H2-TPR) was per-
formed using a Micromeritics AutoChem II 2920 chemisorption 
analyzer. 60 mg of the catalysts was inserted into a U-shaped quartz tube 
and oxidized at 400 ◦C under 5 vol% O2 in argon (Ar) (25 mL min− 1) for 
10 min with a heating rate of 10 K min− 1. Subsequently, before the 
reduction of the samples, the gas line was switched to Ar (25 mL min− 1) 
for O2 evacuation (50 ◦C, 10 min) followed by reducing the catalysts 
using the mixture of 5 vol% H2 in Ar (25 mL min− 1) at a constant heating 
rate of 10 K min− 1 up to 350 ◦C. Hydrogen consumption was determined 
using a TCD detector and a calibration using Ag2O (from Micromeritics) 
as a reference. 

Temperature-programmed desorption with CO2 (CO2-TPD) analyses 
were carried out using the aforementioned AutoChem II 2920 chemi-
sorption analyzer (Micromeritics, USA) coupled with a mass spectrom-
eter (Pfeiffer Vacuum, model ThermoStar). The samples were placed 
into a U-shaped quartz tube and reduced at 300 ◦C under 5 vol% H2 in Ar 
(25 mL min− 1). The samples were then cooled down to 50 ◦C and flushed 
with Ar (25 mL min− 1) for 15 min. At the same temperature (50 ◦C), the 
reduced samples were saturated with 80 vol% CO2 in Ar via 20 pulses of 
0.532 mL. The average peak area of the last 15 pulses was used as the 
calibration for the quantification of CO2 desorption. Subsequently, the 
samples were heated with a heating ramp of 10 K min− 1 up to 400 ◦C 
under Ar (25 mL min− 1) for CO2 desorption. The amount of desorbed 
CO2 was determined via integration of the total area under the MS 
fragment m/z = 44. 

The pyridine adsorption-desorption experiments were carried out 
using a Perkin Elmer Pyris 1 TGA instrument to determine the acid site 
density of reduced catalysts. The as-synthesized catalysts were reduced 
externally in a tubular oven at 350 ◦C in H2 flow (50 mL min− 1) for 4 h. 
Subsequently, the samples were placed in a sample pan and pretreated at 
350 ◦C in nitrogen flow (50 mL min− 1) for 30 min, then cooled down to 
50 ◦C at which the sample weight was recorded and referred to as m0 (g). 
The pyridine saturation step was carried out by flushing with pyridine 
vapor in nitrogen flow (50 mL min− 1) until recording a constant weight. 
The excess pyridine was removed by purging with nitrogen flow (50 mL 
min− 1) at 50 ◦C for 2 h. The temperature was then increased to 450 ◦C, 
with a heating rate of 20 K min− 1. The desorption of pyridine was 
recorded via the sample weight loss as a function of temperature/time. 
The weight loss during the desorption of pyridine while heating from 
50 ◦C to 450 ◦C is Δm (mg). Assuming the stoichiometry between pyr-
idine molecule and acid site is equal to 1, the acid site density (ASD) was, 
therefore, calculated as follows ASD = Δm

Mpyridine•m0 
(mmol⋅g− 1) with Mpyr-

idine = 79.1 g/mol. 
The carbon content of the fresh and spent catalyst samples were 

determined using a 2400 series II CHNS elemental analyzer (Perkin 
Elmer, USA). 

The crystallography, phase composition, morphology, and size of the 

samples containing Au nanoparticles were analyzed by transmission 
electron microscope (TEM, JEM-2100, JEOL), operating at 200 kV and 
equipped with a high-resolution slow-scan CCD camera (Orius SC1000, 
Gatan). The powdered samples pre-reduced in a tubular oven (in the H2 
flow (40 mL min− 1) at 350 ◦C for 4 h) were dispersed in absolute ethanol 
and sonicated to prevent agglomeration. The suspension was transferred 
onto Cu-supported amorphous carbon grids. The maximum Feret 
diameter was used as the size descriptor of Au nanoparticles, which was 
manually outlined and determined using ImageJ. To obtain a repre-
sentative overview of Au particles, the TEM micrographs were recorded 
at various sites of interest for each sample, and the number of particles 
detected is up to 150 particles. Before the TEM investigation, the mi-
croscope image and diffraction mode were calibrated by the 
MAG*I*CAL® reference standard through all of the magnification 
ranges, with the overall uncertainty on the calibrated values Δt < 1.0 %. 

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed with a Supra plus instrument (Kratos Analytical, Manchester, 
UK) equipped with an Al Kα excitation source and a monochromator. 
The measurements were performed with a spot size of 700 × 300 µm. 
Pass energy of 160 eV and 20 eV were used to obtain a survey and high- 
resolution spectra, respectively. The binding energy scale was corrected 
using the C-C/C-H peak at 284.8 eV in the C 1s spectrum. The neutralizer 
was on during the spectrum acquisition. Data were acquired and pro-
cessed using ESCApe 1.4 (Kratos, Manchester, UK). The background of 
the high-resolution spectra was subtracted according to the method of 
Shirley [50]. Reported atomic concentrations at the surface were 
normalized to 100.0 %. 

2.4. Catalytic hydrogenation of CO2 

The hydrogenation of CO2 was carried out in a fixed-bed reactor 
(Microactivity Reference MA-Ref reactor from PID Eng&Tech, Madrid, 
Spain). Typically, an amount of ca. 200 mg of the catalysts was packed 
and sandwiched with quartz wool in a tubular reactor (I.D. = 9 mm, L =
305 mm) made of Hastelloy. During the packing step, the reactor was 
tapped frequently to ensure reproducible packing state of the catalyst 
beds. The catalysts were reduced internally using a mixture of H2 (30 
mL min− 1) and N2 (10 mL min− 1) at 350 ◦C for 4 h. Afterwards, the 
reactor pressure was increased to 40 bar, and the temperature was 
reduced to 250 ◦C. The reactant mixture comprised of CO2 (24 vol%) 
and H2 (72 vol%) balanced in N2 (4 vol%). The gas flow rate was 40 mL 
min− 1 (GHSV = 48000 h− 1). The steady state was typically reached after 
1 h marking the start of the catalytic experiments. In each experiment, 
the product mixture was sampled every 20 min in 2 h. The remaining 
reactants and gas products in the discharged gas stream were analyzed 
using an online Agilent 7890A chromatograph equipped with Porapak 
Q, HayeSep Q and molecular sieve 5A columns. The CO2 conversion 
(XCO2 ) and selectivity to methanol (SCH3OH) and CO (SCO) were calculated 
using the following equations: 

XCO2 =
nCO2 ,in − nCO2 ,out

nCO2 ,in
• 100% (1)  

SCH3OH =
nCH3OH

nCO2 ,in − nCO2 ,out
• 100% (2)  

SCO =
nCO

nCO2 ,in − nCO2 ,out
• 100% (3)  

where nCO2 ,in and nCO2 ,out refer to the input and output molar amount of 
CO2. nCH3OH and nCO are the molar numbers of methanol and CO, 
respectively, in the product mixtures. Based on the 6 collected data 
points, the average and standard deviation of XCO2 , SCH3OH and SCO were 
determined. Besides, the methanol formation rate (rCH3OH) was also used 
as a measure to evaluate the catalytic activity of the studied catalysts in 
the hydrogenation of CO2 into methanol. The methanol formation rate 
(rCH3OH) was calculated as follows: 
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rCH3OH =
QCO2 • XCO2 • SCH3OH•MWCH3OH

mAu
[gCH3OH • (gAu • h)− 1

] (4)  

where QCO2 , MWCH3OH and mAu denote the total flow rate of the reaction 
mixture, the molecular weight of methanol, and Au mass of the catalysts, 
respectively. 

3. Results and discussion 

3.1. Catalyst characterization 

The elemental composition of synthesized solids, namely, the con-
tent of Au, Ce, and Zr, was determined by the ICP-OES technique, and 
the results are displayed in Table 1. All the catalysts exhibit a compa-
rable Au content of 0.7 wt.% lower than the nominal Au content (1 %), 
which is probably associated with the hydration of hygroscopic Au 
precursor. Additionally, the Ce content gradually increased up to 4.6 wt. 
% rendering a gain in the Ce to Zr molar ratio (nCe/nZr) from 0 to 0.09, 
which agrees well with the nominal nCe/nZr. The chlorine content was 
determined in Au-containing catalyst samples, after digestion, by using 
in-house ion chromatography method. In the analyzed samples, the 
content of chlorine was below the level of quantification, i.e. <0.5 mg/g. 

3.1.1. Structural and textural properties 
The structural properties of all the catalysts were characterized by 

XRD analysis, from which the results are shown exemplarily for Au/ 
ZrCex samples in Fig. 1. Independently of Ce and Au content, all the 
samples exhibit almost identical XRD patterns featuring 2 broad signals 
centered at 2θ of 31◦ and 55◦, which can be ascribed to a-ZrO2. No other 
phases, e.g., cerium oxides and Au-containing phases, were detected. 
This might be explained by the low content of Ce and Au, or they are 
present in very fine particles below the detection limit of XRD. The latter 
was later excluded by TEM analysis. Specifically, the deposited Au is 
evidenced by TEM and selected area electron diffraction (SAED), which 
are exemplarily shown for Au/ZrCe0.05 in Fig. 2. The SAED pattern of 
the Au particle shows sharp and continuous rings corresponding to in-
dividual crystal planes. On the other hand, the ZrO2-based support 
material exhibits a halo ring typical for amorphous materials and blur-
red rings indicating a short-range order (Fig. 2 and Fig. S1). Addition-
ally, separate images of ab-initio simulations of SAED included in 
Fig. S2, present the main differences between 2-phases, i.e., ZrO2-CeO2, 
and solid solution ZrO2/CeO2 (Fig. S2). The experimental SAED pattern 
of Au/ZrCe0.05 matches well with the corresponding simulated pattern, 
and thus confirms the formation of ZrO2/CeO2 solid solution. The 
presence of residual Ce species existing in the form of amorphous CeO2 
is, however, not excluded. 

Furthermore, the morphology of Au particles visualized by TEM 
shows irregular shapes for all the Au particles (Fig. 3). The distribution 
of Au nanoparticle size is slightly uniform for Au/ZrCe0 catalyst and 
centered at ca. 35–40 nm, which accounts for 15–17 % of Au particles. In 
the meantime, a rather broad distribution was recorded for the particle 
size of Au particles in all the Ce-containing catalysts, which ranges from 
10 to 150 nm. Noticeably, at the highest Ce content, Au/ZrCe0.1 catalyst 
exhibits the highest fraction of Au particles of ca. 70 nm, i.e., 10 %, as 

compared to 0–5 % for other samples (Fig. 3). This indicates that the 
introduction of Ce using the coprecipitation method did not improve Au 
dispersion in the amorphous ZrO2 support materials. 

Regarding the textural properties, minor changes were recorded by 
the N2 adsorption analyses as displayed in Fig. 4. A Ib-type isotherm 
with a gradual N2 uptake over the low relative pressure range (p/p0 <

0.4) was recorded for all the samples suggesting a complex pore struc-
ture consisting of wider micropores and narrow mesopores [51]. Further 
analysis using non-local density functional theory model revealed the 
pore widths ranging from below 2 nm to 8 nm. Additionally, all the 
samples exhibit an H2b type hysteresis loop with a gradual delay on 
desorption branch indicative of a broader neck width distribution 
compared with the pore width distribution. The values of specific sur-
face area and total pore volume of Au/ZrCex samples are listed in 
Table 1. The Ce-free catalyst Au/CeZr0, despite the slightly higher N2 
uptake at the relative pressure of 0.6, exhibits a similar porous structure 
in comparison with the Ce-containing catalysts, ca. 200 ± 10 m2 g− 1 

specific surface area (ABET) and ca. 0.13 ± 0.01 cm3 g− 1 total pore 
volume (VP). 

3.1.2. Redox properties 
Concerning the redox properties, the results from H2-TPR profiles 

(Fig. 5) provide the very first influence of the introduction of Ce in the 
Au-based catalyst series. While no signal is visible in the TPR profile of 
Ce-free catalyst (Au/ZrCe0), the H2 consumption peak centered in the 
temperature range of 166–176 ◦C is recorded for all Ce-containing cat-
alysts. Additional H2-TPR profiles were recorded for all supports 
(Fig. S3), in which the peak of interest is absent. The peak is, therefore, 
associated with the reduction of Auδ+ to Au0 [26,52], which is facilitated 
in the presence of Ce. This might be explained by the electron redistri-
bution often known for metals supported on CeO2 due to the formation 
of surface oxygen vacancies, generated when Ce4+ cations are reduced 
to Ce3+ rendering to the oxygen transfer process between the metals and 
CeO2 support [53]. The interaction between Au and Ce-containing 
supports gradually increased as suggested by the linear correlation 
found between the Ce content and the H2 consumption shown in Table 2. 
The absence of any reduction peak in Au/ZrCe0 sample is an indication 
of no positively charged Au in the sample [52,54], and the majority of 
the Au species is available in the metallic form, which is stable in the 
oxidation step conducted internally prior to the TPR measurements (see 
section 2.3). These observations suggest that the Au0 formation is more 
favored in pure ZrO2 sample, i.e., Au/CeZr0 catalyst, as reported in [54]. 

Moreover, the synthesized solids were evaluated by XPS to obtain 
additional information related to the chemical environment of the 

Table 1 
Elemental content (wAu/Ce/Zr), Ce to Zr molar ratio (nCe/nZr), specific surface 
area (ABET) and total pore volume (VP) of the Au/ZrCex catalysts (x = 0–0.1).  

Catalyst awAu 
wt.% 

awCe 
wt.% 

awZr 
wt.% 

nCe/nZr ABET 

m2 g− 1 
Vp 

cm3 g− 1 

Au/ZrCe0  0.74  <0.25  58.68  0.00 204  0.14 
Au/ZrCe0.025  0.72  1.20  42.57  0.02 196  0.13 
Au/ZrCe0.05  0.71  2.46  39.58  0.04 188  0.12 
Au/ZrCe0.075  0.71  3.78  35.02  0.07 193  0.12 
Au/ZrCe0.1  0.70  4.59  32.48  0.09 197  0.12 

aDetermined by ICP-OES analysis. 

Fig. 1. XRD patterns of the Au/ZrCex catalysts (x = 0–0.1).  
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catalysts. The survey spectra for the surfaces of the samples include O-, 
Zr-, Au-, and C-containing species indicated by the corresponding signals 
in Fig. 6. The signal for Ce, i.e., Ce 3d, was detected and thus confirmed 
the presence of Ce in all the modified samples except for Au/ZrCe0 
catalyst. 

To investigate the surface chemistry of the synthesized solids in 
detail, high-resolution XPS spectra were measured and are shown in 
Fig. 7. The relative quantification of surface Au, Ce and Zr species ob-
tained from XPS is displayed in Table S1. 

The surfaces of all samples consisted of C-containing species, i.e. C- 
C/C-H, C-O, and COO–/COOH located at the dashed lines designated in 
the C 1s spectra (Fig. 7a). These species originate from the adventitious 
carbonaceous species adsorbed on the surface after sample preparation 
and transport to the spectrometer. The presence of oxidized carbona-
ceous species is also confirmed in O 1s spectra, i.e., the spectral feature 
seen as a shoulder located at dashed line 2 in the O 1s spectra (Fig. 7b). 

The main peak at dashed line 1 in the O 1s spectra represents metal 
oxides. The doublet in the Zr 3d (the Zr 3d5/2 main peak at approxi-
mately 182 eV) and Au 4f (the Au 4f7/2 main peak located at 84.0 eV) 
spectra correspond to ZrO2 and Au, respectively. The Zr 3d and Au 4f 
spectra for all samples tested do not show significant changes in the 
binding energy (EB) and the shape of the spectra. This indicates that the 
Zr and Au environment is similar in all the samples. The observation of 
similar Au species for all the samples is, however, different from TPR 
results. The presence of H2 consumption for all Ce-containing samples, 
but not the bare ZrO2, is likely associated with changes in electronic 
properties induced by the addition of Ce in the ZrO2 structure. 

The spectra of Ce 3d are more complex because they contain many 
features. It is known that Ce(IV) contains the spectral feature at about 
917 eV, which is absent in Ce(III) [55]. The spectra illustrated in Fig. 7e 
show the feature at approximately 917 eV marked with dashed line in 
Fig. 7e for all samples except for Au/ZrCe0 catalyst. Therefore, it is 

Fig. 2. (a) TEM micrograph of Au/ZrCe0.05 sample with (b) faceted single-crystal nanoparticulates (HR-TEM in [1–10] zone axis, with marked lattice fringe dis-
tances in inset), further identified by SAED as (c) pure Au (ab-initio simulation in inset). (d) HR-TEM micrograph of the support, with corresponding (e) SAED pattern 
indicating short-range ordering. In inset is ab-initio simulation of electron scattering on the ZrCe solid solution, indexed for ZrO2. 

Fig. 3. Overview TEM micrographs of the Au/ZrCex catalysts, with corresponding Au particle size distribution graphs and normal distribution curves.  
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confirmed that Ce(IV) was present on the surface in all Ce-containing 
samples. On this basis, the spectra were fitted for the presence of CeO2 
using the positions of the peaks from the previously reported reference 
spectra [55]. The Ce 3d spectra for CeO2 consist of two pairs of multi-
plets (2 pairs of 3 peaks) corresponding to spin-orbit splitting. However, 
the measured spectra do not fit well with this model probably due to 
partial reduction of Ce(IV) forming Ce(III) under vacuum conditions 
(ultra-high vacuum in XPS spectrometer) which is known for CeO2 [56]. 
Thus, the spectra of Ce-containing samples were fitted for both Ce(IV) 
and Ce(III) species (with two doublets [55]). The fitted results match 

well with all measured spectra suggesting the presence of these two 
oxidation states on the surface. The fitted Ce 3d spectrum for the sample 
Au/CeZr0.1 is exemplarily shown in Fig. 8. 

3.1.3. Acidic and basic properties 
The basic properties of all Au-containing catalysts were evaluated 

using CO2-TPD analysis and the obtained results are shown in Fig. 9. The 
CO2 desorption of Au/ZrCe0 catalyst features a signal centered at ca. 
100 ◦C, and end at ca. 280 ◦C, which is contributed mainly to the 
presence of weak basic sites. This peak was also recorded for the Ce- 
containing catalysts, but it is visible with a considerable broadening 
and coupled with an additional peak at higher temperatures above 
300 ◦C, which is likely associated with the presence of Ce providing 
higher basicity than pristine ZrO2. However, no clear trend is observed 
for basic site density (BSD) when the catalysts gradually increases Ce 
content (Table 2). This suggests that in addition to Ce introduction, the 
changes in the number of basic sites on the surface of ZrO2 support are 
likely affected by other factors, e.g., thermal treatment causing dehy-
droxylation and formation of acid-base Zr4+/Ce4+-O2– pairs at various 
extents. Similarly, the influence of Ce introduction on the acid site 
density (ASD) occurs in a random fashion despite the gradual rise in Ce 
content as shown in Fig. S4. Interestingly, it was found that the acidic 
and basic properties of the Au-based catalyst series are closely related, as 
deducted from a linear regression observed between the acid and basic 
site density (Table 2). This might be related to the fact that a-ZrO2 is 
known to possess mainly coordinatively unsaturated Lewis acid-basic 
Zr4+/O2– pairs as well as surface hydroxyl groups [57]. 

3.2. CO2 hydrogenation activity vs. catalyst properties 

The Au-based catalysts supported on ZrO2-CeO2 mixed oxides were 
tested in the methanol synthesis from CO2 under various temperatures 
from 250 to 320 ◦C as displayed in Table 3. In addition to CO2 conver-
sion (XCO2 ), methanol selectivity (SCH3OH) and methanol formation rate 
(rCH3OH) are employed as measures to evaluate the activity for the 
methanol synthesis over the Au-based catalysts. Over the studied tem-
perature range, CO2 conversion varies between 1 % and 11 %, with 
methanol selectivity up to 27 %, amounting to a methanol formation 
rate of 1.5 to 4.6 gCH3OH •

(
gAu • h

)− 1. Apart from methanol, CO and trace 
amounts of coke (except for Au/ZrCe0.1 catalyst), no other carbon- 
containing gas product was found in the discharged gas mixture, and 
the carbon mass balance is closed up to 85 % to 98 %. The catalytic 
activity obtained in this study is rather low, in particular, compared with 
the commercial methanol synthesis. Interestingly, the methanol selec-
tivity of Ce-free Au/ZrCe0 catalyst is significantly lower, i.e., 20 % vs. 
72.5 %, in relation to the Au/ZrO2 published in a previous work form our 
group despite the analogous Au content (0.7 wt.% and 0.5 wt.%, 
respectively) as well as reaction conditions (240–250 ◦C, 40 bar). This 
might be explained by the drastic discrepancy in the average Au particle 
size often reported to play a key role in the hydrogenation activity, i.e., 
≈40 nm vs. 1.1 nm, respectively. The large size of Au particles might 
lead to low interfacial Au-support contact and thus facilitates the for-
mation of undesired competive product CO generated by reverse water 
gas shift reaction. Moreover, the difference in other properties of the 
catalysts, e.g., phase composition of ZrO2-based support, acidic/basic 
properties, textural and redox properties, may also play a role. 

The reaction temperature, as expected, exhibits a positive effect in 
the CO2 conversion independent of Ce content but at the cost of the 
selectivity to methanol. This agrees well with literature reports 
[35,58,59] and is attributed to the higher sensitivity to temperature of 
the CO formation rate in relation to the methanol synthesis, which is 
evidenced by higher apparent activation energy calculated from 
Arrhenius plots, e.g., EA,CO=64 kJ mol− 1 > EA,CH3OH=27 kJ mol− 1, as 
observed in the case of Au/ZrCe0.025 catalyst. The values of EA for other 
catalysts are provided in Fig. S5. Besides, all studied catalysts exhibit 

Fig. 4. N2 sorption isotherms of the Au/ZrCex catalysts (x = 0–0.1).  

Fig. 5. H2-TPR profiles of the Au/ZrCex catalysts (x = 0–0.1).  

Table 2 
H2 consumption, acid site density (ASD) and base site density (BSD) of the Au/ 
CeZrx catalysts.  

Catalyst H2 consumption μmol g− 1 ASD μmol g− 1 BSD μmol g− 1 

Au/ZrCe0 0 423 99 
Au/ZrCe0.025 36 694 210 
Au/ZrCe0.05 86 612 143 
Au/ZrCe0.075 137 403 98 
Au/ZrCe0.1 167 584 120  
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similar apparent activation energy for methanol formation, suggesting 
that the introduction of Ce did not alter the hydrogenation mechanism of 
CO2 into methanol [49]. Consequently, the methanol synthesis via 
formate intermediate, as proposed in a previous study on Au/a-ZrO2 
catalysts [27], was assumed for the Au-based catalysts in this study. 
Accordingly, the reaction starts with adsorption and activation of CO2 
and H2 onto ZrO2-based support and metallic Au, respectively, which 
later migrate to the Au-support interface. The dissociated H species react 
with the activated CO2 forming mono- and bidentate formates, the two 
primary intermediates of methanol. Subsequently, the formate species 
undergo hydrogenation to H2COO*, and further terminal protonated to 
H2COOH*, which then cleaves at the C-O bond releasing OH* and 
H2CO*. The latter participates in hydrogenation, forming H3CO* and 
finally methanol. Among these steps, CO2 is simultaneously involved in 
the RWGS process forming undesired product CO. 

3.2.1. Ce content and redox properties 
Furthermore, while the Ce-free catalyst Au/ZrCe0 exhibits the 

highest CO2 conversion (2.3 % at 250 ◦C) coupled with a 20 % selectivity 
to methanol, a slightly lower CO2 conversion was recorded for all the Ce- 
containing catalysts (Table 3). The decrease in CO2 conversion is more 
profound with increasing Ce content. Considering the comparable Au 

content as well as the chemical environment of Au, one of the other 
possible reasons for the decline in CO2 conversion most likely lies in the 
large size of Au particles generally accepted to be crucial for its catalytic 
activity, which was found larger for Ce-containing samples. Besides, 
catalyst deactivation caused by coke deposition in association with the 
presence of Ce, as reported by Pojanavaraphan et al. [52], might explain 
the lower activity in Ce-containing catalysts. However, it is noted that in 
comparison to the current study, the Ce content was much higher (≥25 
wt.%) than that presented in this study, and consequently, the negative 
influence of Ce via boosting carbonaceous species is less likely. In fact, 
the drop in CO2 conversion is only considerable for Au/ZrCe0.1 catalyst 
exhibiting the highest Ce content (4.6 wt.%) and the highest extent of 
coke deposition (Table 3). On the other hand, the Ce-containing mate-
rials, as reported in the literature [25 30,32], exhibit a higher and 
stronger affinity towards CO2 molecules, which might lead to active sites 
poisoning. Additionally, it is worth mentioning that the addition of Ce 
makes H2O more favorably adsorbed on the surface [60] and contributes 
to a blockage of active sites and thus a decline in CO2 conversion. 

Unlike CO2 conversion, no clear trend was found for methanol 
selectivity in relation to the presence of Ce. Thus, the next part focuses 
on the influence of the acidic/basic properties on the methanol 
selectivity. 

Fig. 6. Survey XPS spectra of the Au/ZrCex catalysts (x = 0–0.1).  

Fig. 7. (a) C 1s, (b) O 1s, (c) Zr 3d, (d) Au 4f, and (e) Ce 3d high-resolution XPS spectra measured for the Au/ZrCex catalysts.  
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3.2.2. Acidic and basic properties 
In order to examine relation between methanol selectivity and the 

catalyst properties, the methanol selectivity SCH3OH was plotted against 
the density of base sites (BSD) and acid sites (ASD) as shown in Fig. 10. 

Interestingly, volcano-like shaped dependencies were recorded for 
both BSD and ASD in relation to the methanol selectivity, which 

exhibited a critical point of 120 μmol g− 1 (BSD) and 600 μmol g− 1 (ASD) 
at which the highest methanol selectivity of 27 % is reached. The pos-
itive effect of the acidity of catalysts in the methanol synthesis was re-
ported in previous studies using Cu/ZrO2 [55,56]. However, the 
correlation of the methanol selectivity with gradual changes in acidic/ 
basic properties was not studied. To gain insight into this matter, the 
nature of acidic and basic sites should be considered. The majority of the 
acidity and basicity of the investigated catalysts is contributed to the 
Lewis acid-base pairs, i.e., coordinatively unsaturated Zr4+-O2–, which 
can reinforce the adsorption of CO2, particularly, the interaction be-
tween O and C atoms of CO2 molecules with Zr4+ and O2–, respectively 
[49]. Moreover, in the presence of Ce, the adsorption of CO2 forming 
monodentate carbonates, which was not observed for pristine ZrO2, is 
facilitated as suggested by density functional theory (DFT) results ob-
tained for t-ZrO2 incorporated with ca. 2 wt.% Ce [60]. Monodentate 
carbonate is an important precursor to the more stable bidentate car-
bonate, which can be further converted into bidentate formate and 
subsequently to methanol via the formate reaction pathway. Besides, 
these Lewis acid-base pairs can also participate in the dissociation of 
water molecules generating surface hydroxyl groups, which can pro-
mote methanol synthesis via reacting with carbonate species, forming 
mono-/bidentate formates [61]. The eased formation of formates might 
hinder the competitive process, RGWS, as suggested by various studies 
[34,62], and thus increase the methanol selectivity. Alternatively, the 
methanol synthesis can also be facilitated via the hydrogenation of CO 
[57], which is, however, unlikely in this study as the CO adsorption was 
suggested to be hardly affected by Ce incorporation at low content [60]. 
Thus, the increase of the acid-base pairs in numbers, as well as strength, 
probably renders to the improved methanol selectivity (Fig. 10). 

Fig. 8. Ce 3d fitted data for CeO2 and Ce(III) compounds in Au/CeZr0.1 sample (measured – blue line, fitted – black dashed line).  

Fig. 9. CO2-TPD profiles of the Au/ZrCex catalysts (x = 0–0.1).  
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Nevertheless, the interface between the multiple components of the 
catalysts, i.e., metallic sites, hydroxyl groups and the acid-base pairs, 
seemingly plays a crucial role in the methanol synthesis as depicted in 
Fig. 11, which might explain the decrease in methanol selectivity when 
further increasing the number of acid/basic sites. The surface catalytic 
sites probably suffer catalyst deactivation due to blockage of active sites 
by a multilayer of adsorbed CO2 or intermediates. 

3.3. Catalytic stability of Au/ZrCe catalysts in the CO2 hydrogenation 

Considering the highest methanol formation rate among the Ce- 
containing Au-based catalysts, Au/ZrCe0.025 sample was selectively 
investigated in the catalytic stability carried out throughout 93 h under 
reaction conditions (280 ◦C and 40 bar) (Fig. 12). The obtained results 
suggest a stable performance through the whole experiment with a CO2 
conversion of 3.5 % ± 0.2 % rendering to a methanol formation rate of 
3.32 ± 0.25 gCH3OH •

(
gAu • h

)− 1. Noticeably, with respect to the start of 

Table 3 
CO2 conversion (XCO2 ), selectivity to methanol (SCH3OH) and CO (SCO), methanol formation rate (rCH3OH) and C content (wC) of fresh and spent Au/CeZrx catalysts after 
the hydrogenation of CO2 hydrogenation at various reaction temperature (250–320 ◦C).  

Catalyst T 
◦C 

XCO2 % SCH3OH% SCO% rCH3OHgCH3OH •
(
gAu • h

)− 1 awC 
wt.% 

fresh spent 

Au/ZrCe0 250  2.3 20 78  2.03  0.5  0.6  
280  4.6 15 85  3.05    
300  6.9 12 80  3.69    
320  9.9 9 78  4.01    

Au/ZrCe0.025 250  2.1 22 61  2.09  0.6  0.8  
280  3.6 21 63  3.36   b0.7  
300  6.2 14 78  4.01    
320  8.9 11 79  4.29    

Au/ZrCe0.05 250  1.7 26 72  1.95  0.6  0.8  
280  3.8 20 83  3.35    
300  6.9 13 78  4.21    
320  11.2 9 70  4.63    

Au/ZrCe0.075 250  1.5 22 60  1.50  0.6  0.8  
280  3.6 15 63  2.49    
300  5.1 14 78  3.22    
320  8.7 9 70  3.66    

Au/ZrCe0.1 250  1.4 27 53  1.79  0.6  1.1  
280  3.3 18 67  2.77    
300  4.6 16 77  3.36    
320  8.0 10 71  3.91   

Reaction conditions: mcat. = 200 mg, QCO2+H2=40 mL min− 1, H2/CO2 = 3:1 (v/v), 40 bar. 
aDetermined by means of CHNS elemental analysis. 
bAfter 93 h.  

Fig. 10. Methanol selectivity ( ) as a function of base site density (BSD, left) and acid site density (ASD, right) in the hydrogenation of CO2 over the Au/ZrCex 
catalysts (x = 0–0.1). The dash lines highlight trends. Reaction conditions: mcat. = 200 mg, QCO2+H2=40 mL min− 1, H2/CO2 = 3:1 (v/v), 40 bar, 250 ◦C. 
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the experiment, there is a slight loss of catalytic activity by 0.6 % in CO2 

conversion and 0.47 gCH3OH •
(
gAu • h

)− 1 in (rCH3OH) occurring in the first 
3 h, which might be due to the considerable formation of water via 
RWGS causing saturation of the support surface due to high affinity to 
water in the presence of Ce [60]. Nevertheless, the reactivity of the 
catalyst (Au/ZrCe0.025) was steady for the next 90 h. Despite the long 
reaction time, the coke deposition is negligible as deducted from the 
marginal discrepancy in the consumed catalyst’s C content, i.e., 0.7 wt. 
% (spent) vs. 0.6 wt.% (fresh). 

4. Conclusions 

In summary, this study presents a systematic investigation of the 
influence of Ce in the Au catalysts supported on amorphous ZrO2 pre-
pared via the simple coprecipitation method. The newly introduced Ce 
was present in the form of both Ce(III) and Ce(IV), which does not alter 
the textural properties compared to the pristine ZrO2 materials with a Ce 
content up to 4.6 wt.%. The Ce-containing catalysts show a slightly 
lower Au dispersion evidenced by large particles (ca. 40 nm) and a broad 
distribution ranging from 5 to 125 nm. Besides, the formation of metallic 
Au is less favored and coupled with increased Au cations with rising Ce 
content, probably due to the electron exchange between Au and CeO2. 
These findings might explain the decrease of CO2 conversion with 
increasing Ce content of Au catalysts supported on ZrO2-CeO2 mixed 
oxides in the hydrogenation of CO2. In addition to methanol formed via 

formate intermediates, only CO was observed as a side product under 
the studied reaction conditions (typically at 40 bar and 250–320 ◦C), 
irrespectively of the catalysts employed. It was proven that acid-base 
properties play a role in CO2 adsorption/activation and thus in 
tailoring the product distribution of the CO2 hydrogenation. The selec-
tivity of the desired product methanol was found to be closely associated 
with the number of both acidic and basic sites of the catalysts in a 
volcano-shape fashion. In particular, there is a critical point of acid/base 
site density, at which the methanol selectivity reaches a maximum 27 % 
(at 40 bar and 280 ◦C), which is 120 and 600 μmol g− 1, respectively. The 
Au catalysts on CeO2-ZrO2 mixed oxides exhibit excellent catalytic sta-
bility, for example, the methanol formation rate of 3.32 gCH3OH •
(
gAu • h

)− 1 recorded for Au/ZrCe0.025 catalyst at 250 ◦C and 40 bar 
remained for up to 93 h TOS. 
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