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A B S T R A C T   

The development of active catalysts for carbon dioxide (CO2) hydrogenation to methanol is intimately related to 
the creation of effective metal-oxide interfaces. In this work, we investigated how the order of addition of copper 
and zinc on zirconia influences the catalytic properties, the catalytic activity and selectivity toward methanol. 
Regarding the carbon dioxide conversion and methanol production, the catalysts on which the promoter (zinc) 
was atomically deposited after copper impregnation (i.e., ZnO/Cu/ZrO2 and ZnO/Cu/ZnO/ZrO2) were superior 
catalysts compared to the reverse copper-after-zinc catalyst (Cu/ZnO/ZrO2). Temperature-programmed experi-
ments and in situ diffuse reflectance infrared Fourier transform-spectroscopy (DRIFTS) experiments allowed us to 
elucidate the benefits of the zinc-after-copper pair to store CO2 as carbonate species and further convert them 
into formate species, key intermediates in the formation of methanol. This research provides insights into the 
potential of atomic layer deposition in the development of tailored heterogeneous catalysts for efficient CO2 
valorization to methanol.   

1. Introduction 

Worldwide, there is a great desire to develop technologies for the 
efficient capture and conversion of carbon dioxide to fuels and chem-
icals, such as methanol [1–3]. Methanol is a carrier of carbon and 
hydrogen [4,5] and, as an energy carrier, it can be used directly as a fuel 
in direct methanol fuel cells (DMFCs) and internal combustion engines 
(ICEs) [6,7]. Additionally, methanol can be used in the production of 
high value-added chemicals (e.g. formaldehyde, methyl tert-butyl ether 
and acetic acid) and as a feedstock to produce hydrocarbons (such as 
alkanes, olefins or aromatics) and inherently fuels [6–8]. 

Traditionally, Cu/ZnO-based catalysts have been employed in the 
industrial production of methanol from the syngas stream (CO/CO2/H2) 

generated in the steam reforming of natural gas [9–11]. The mechanism 
of methanol formation from CO/CO2 has been under debate for decades 
[12,13]. Since CO is the predominant carbon-containing molecule in 
syngas [2,12] and Cu is an outstanding metal for CO2 reduction to CO 
(through reverse water-gas shift, CO2 + H2 ⇌ CO + H2O), CO has been 
considered the primary carbon source in methanol production for de-
cades (CO + 2 H2 ⇌ CH3OH) [10,12]. It was in the late 1980 s when the 
use of 14C-labeled isotopes provided evidence to suggest CO2 as the main 
carbon source in the methanol production (CO2 + 3 H2 ⇌ CH3OH +

H2O) from CO2/CO/H2 mixtures [14]. Since then, many studies have 
been driven in the same direction [10,12,15–17], and currently, CO2 is 
perceived as the major reactant under industrial conditions. However, as 
Grabow and Mavrikakis suggested based on density functional theory 
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(DFT) calculations and microkinetic modeling [12], under typical 
methanol production conditions, both CO and CO2 hydrogenation routes 
can coexist. 

In addition to the active discussion about the carbon source, the 
knowledge gained regarding the nature of the active sites in the CO2-to- 
methanol (CTM) process has grown exponentially in recent decades 
[18–20]. CO2 is a stable molecule and greatest difficulties in achieving 
great methanol selectivity in CO2 hydrogenation are related to kinetic 
limitations [21]. Therefore, a molecular understanding of the key as-
pects that govern the activity and selectivity of a catalyst is crucial. 
Overall, over copper-based catalysts, the CO2 hydrogenation to meth-
anol reaction has been described as a structure-sensitive reaction in 
which not all of the surface atoms have the same role and activity [15, 
18,22]. For copper-zinc oxide (Cu-ZnO) binary systems, copper is 
responsible for the adsorption, dissociation and spillover of atomic 
hydrogen (H*) [23], while zinc oxide enhances the dispersion of Cu 
nanoparticles and facilitates the adsorption of CO2 [24]. The Cu-ZnO 
interface and surroundings have been described as the most active 
sites responsible for the activity wherein the intermediate species (e.g. 
carbonates and formates) are further hydrogenated to methanol [11, 
25–27]. Lately, ZrO2-based catalysts are emerging as active [18,28,29] 
and cost-effective solutions for the efficient synthesis of methanol [30] 
and a few experimental studies have explored the synergistic in-
teractions of Cu/ZnO/ZrO2 catalysts and the active interplay toward 
methanol production [10,18,31,32]. Alone on ZrO2, both Cu [28,33] 
and ZnO [34,35] can also display some activity in the hydrogenation of 
intermediate species to methanol. Also, the ZrO2/Cu inverse configu-
ration has shown excellent properties for an efficient methanol synthesis 
from CO2 [36,37]. 

In recent years, more investigations have described not only the 
synergistic effect of binary Cu/ZnO catalysts but also the effects of the 
locations of both the active metal (Cu) and promoter (ZnO) on methanol 
production from CO2 [19,38,39]. The formation of ZnO particles or 
reduced Zn on the Cu surface have been found to improve the Cu 
dispersion and eventually, the accessible Cu surface area [11,19,25,39]. 
Experimental and computational studies on CO2 hydrogenation to 
methanol have pointed out that the formation of ZnO aggregates on top 
of Cu particles promoted methanol production which may be related to 
the increase in the number of active ZnO-Cu pairs [19,38]. Palomino 
et al. [38] experimentally demonstrated that ZnO added on top of Cu 
(100) and (111) surfaces yields a superior methanol production 
compared to the inverse copper-added-on-top-of-zinc oxide catalyst. 
Moreover, the highest production of methanol was observed at a rela-
tively low surface coverage (θZn) of 0.15–0.20 monolayer (ML) and 
similar values of θZn ≈ 0.20 ML were reported by Nakamura and co-
workers for ZnO over polycrystalline copper [40], and Kattel and col-
laborators over Cu(111) substrates [19]. By a combination of 
experimental, and DFT calculations and modeling based on thermody-
namics, Kuld and coworkers [41] found the highest methanol turnover 
frequency (TOF) at a surface coverage of θZn ≈ 0.47 ML, with the TOF 
being greater when using larger Cu particles. 

The above examples highlight the potential of and interest in syn-
thesizing and testing zinc-on-top-of-copper catalysts with ZnO surface 
coverages of approximately θZn ≈ 0.1–0.2 ML. An atomic-scale synthesis 
technique, such as atomic layer deposition (ALD), is an efficient tech-
nique to reach this range of surface coverage. The ALD technique is 
based on the sequential use of self-terminating gas–solid reactions and 
can offer accurate atomic level control of the deposited metal concen-
trations [42,43]. To modify metal oxide interfaces, single atoms can be 
uniformly distributed on high surface area supports by ALD [43–45]. 
The first studies in atomic-scale synthesis (by ALD) toward CTM reaction 
have already been reported (e.g. ZrO2-ALD on Cu/SiO2 [46] and Ni-ALD 
on Cu nanoparticles on γ-Al2O3 [47]), bringing out the benefits of this 
technique to enhance the catalyst activity, selectivity and stability. In a 
recent publication, Saedy and coworkers [48] applied preferential 
chemical vapor deposition (PCVD) and incipient wetness impregnation 

in the synthesis of ZnO/Cu/Al2O3 catalysts for the CTM reaction. Zinc 
oxide introduced by the PCVD method on a prereduced copper phase 
resulted in a more active and selective catalyst compared to the 
impregnated catalyst [48]. By means of various diffraction, spectro-
scopic and microscopy characterization techniques, the investigators 
demonstrated a more efficient production of active/selective ZnO/Cu 
interfaces compared to the more traditional impregnation method [48]. 
Furthermore, the authors suggested that the inverse ZnO/Cu interface 
may result in a more active system than the conventional Cu/ZnO 
interface [48]. In a recent research [49], ZnO was added by ALD (323 K, 
diethylzinc as a precursor) on copper hydroxide nanowires and the size 
of ZnO was tuned from isolated species to nanoparticles by increasing 
the number of ZnO cycles from 1 to 20. The maximum methanol pro-
duction rate was found after 3 cycles. 

In this work, we focused on studying the catalytic performance of 
diverse copper-zinc oxide on zirconia catalysts for the hydrogenation of 
carbon dioxide to methanol. Atomic layer deposition (ALD) and incip-
ient wetness impregnation were applied for the incorporation of Zn and 
Cu into the catalyst, respectively. Zn was deposited by ALD in one ALD 
cycle, which in practice should correspond to atomically dispersed ZnO 
species covering 10–20% of the surface (0.1–0.2 ML). By alternating the 
order in which Cu and Zn were attached to the catalyst, we created 
different metal-oxide configurations. A combination of various charac-
terization techniques, such as diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS), hydrogen temperature programmed 
reduction (H2-TPR), carbon dioxide temperature programmed desorp-
tion (CO2-TPD), X-ray photoelectron and absorption spectroscopy (XPS 
and XAS) and scanning transmission electron microscopy-energy- 
dispersive X-ray spectroscopy (STEM-EDS), DFT calculations and cata-
lytic tests, led us to identify the most active configuration. We expect 
that the findings of this research shall enhance the understanding of the 
elemental features in the zinc oxide/copper/zirconia system and help to 
consider the location of zinc oxide (promoter) and copper (metal) as a 
crucial parameter to produce active sites for the efficient hydrogenation 
of carbon dioxide to methanol. 

2. Experimental 

2.1. Preparation of copper-zinc on zirconia samples 

In total, five samples were synthesized: ZnO/ZrO2, Cu/ZrO2, ZnO/ 
Cu/ZrO2, Cu/ZnO/ZrO2 and ZnO/Cu/ZnO/ZrO2. The self-made samples 
were prepared following two different methods, depending on which 
metal was incorporated into the porous structure of the support 
(monoclinic zirconia, ZrO2). Thus, Cu was added by incipient wetness 
impregnation (IWI), while Zn was added by atomic layer deposition 
(ALD). Monoclinic zirconia, provided by Saint-Gobain NorPro as cylin-
drical pellets (length 5 mm, diameter 3 mm) was used as a support 
material (surface area of 70 m2 g−1). Prior to its utilization, ZrO2 was 
crushed and sieved to a particle size of 250–420 µm and calcined in a 
muffle furnace (Nabertherm P330) in ambient air at 873 K for 5 h (10 K 
min−1) to remove possible surface impurities. Cu nitrate trihydrate, Cu 
(NO3)20.3 H2O (CAS: 10031–43–3, Sigma Aldrich, 99–104% purity) and 
Zn acetylacetonate, Zn(C5H7O2)20.3 H2O (Zn(acac)2, CAS: 14024–63–6, 
Volatec) were used as copper and zinc precursors, respectively. The 
targeted areal number density for Cu and Zn was 2 atoms/nm2 (Zn/Cu 
atomic ratio of one). The Cu and Zn loadings in wt% measured by 
ICP–OES are shown in Table 1, and a scheme that shows the sequence of 
samples prepared is shown in Fig. 1. 

For the impregnation of Cu by IWI, either on ZrO2 or ZnO/ZrO2, the 
corresponding amount of Cu precursor was dissolved in the exact 
amount of deionized water needed to fill the pore volume of the support. 
The water uptake capacity of the support (≈ 0.3 mL g−1) was experi-
mentally estimated by adding deionized water drop by drop to a known 
amount of dried support (393 K, 24 h). Approximately 3–5 drops of the 
Cu nitrate solution were added at a time to an Erlenmeyer flask 
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containing the dried support. Next, the partially wet support was first 
gently mixed, and then the flask was shaken for 2–3 min to ensure an 
even distribution of the solution. After adding the final drops of the 
solution, the slightly damp material was aged for 5 h at room temper-
ature and dried overnight at 393 K in an oven under static air. Finally, 
the dried material was calcined at 673 K for 2 h (5 K min−1) in a tube 
furnace with a constant flow of 100 mL min−1 of synthetic air (AGA 
99.999% purity, 20% O2, 80% N2). 

The deposition of Zn on ZrO2 by ALD started by treating the calcined 
support in a flow-type fixed bed F-120 ALD reactor (ASM Micro-
chemistry) at 523 K for 10 h to remove moisture before the actual ALD 
process. Then, the solid zinc acetylacetonate reactant was vaporized at 
393 K in flowing nitrogen and reacted to the pretreated ZrO2 support by 
one cycle of the ALD process for 3 h at 473 K and a pressure of ca. 3 
mbar. Reactant-originated acetylacetonate ligands were removed by 
oxidative treatment in a tube furnace in synthetic air flow 
(100 mL min−1) at 773 K for 2 h (5 K min−1). The same procedure was 
followed when Zn was deposited on ZrO2, Cu/ZrO2 and Cu/Zn/ZrO2.  
Fig. 2 shows a conceptual scheme with the configurations of the various 
copper-zinc-zirconia catalysts that were synthesized and tested in this 
research. 

2.2. Catalyst characterization 

The metal content of the catalysts was determined by inductively 
coupled plasma atomic emission spectroscopy (ICP–OES). Samples (ca 
0.100 mg) were weighed in Teflon vessels, and a mixture of nitric acid 
(HNO3, 65%, 2.5 mL) and hydrochloric acid (HCl, 37%, 7.5 mL) was 
added. Vessels were closed and placed in a microwave oven (Milestene, 
Ethos) and heated (1 h, 200 ◦C). After cooling, the samples were diluted 
with MQ-grade water, and the Cu- and Zn-contents were determined 
with an F-AAS instrument (Varian 220 F) using an air-acetylene burner. 

The surface area and cumulative pore volume of zirconia were ob-
tained by nitrogen physisorption isotherm (liquid nitrogen, 77 K) in a 
Thermo Scientific Surfer equipment. The support sample was weighted 
to a quartz glass burette (ca. 200 mg) and degassed at 573 K for 3 h. 
Specific surface area was calculated from the isotherm according to the 
Brunauer-Emmett-Teller (BET) method [50]. The cumulative pore 

volume was calculated based on the Barrett-Joyner-Halenda (BJH) 
method [51]. 

The phase/crystallinity of the support was studied by X-ray diffrac-
tion that was carried out on a ground sample in a PANanalytical X‘Ṕert 
Pro MPD Alpha 1 device equipped with Cu Kα1 radiation (45 kV and 
40 mA). The X-ray scanning range was from 10◦ to 100◦ (2θ) with a step 
size of 0.0131◦ and a time per step of 51 s. The results are shown in the 
supporting information (Fig. S1). The characteristic monoclinic phase 
(JCPDS 37–1484) was identified with main reflections at 24.5◦, 28.3◦, 
31.5◦, 34.2◦, 35.4◦, 40.8◦, 49.3◦, 50.2◦, 54.1◦ and 55.5◦. 

The reducibility of the metal oxides was studied by hydrogen 
temperature-programmed reduction. The experiments were performed 
using an Altamira AMI-200 characterization system with a thermal 
conductivity detector (TCD) connected to an OmniStarTM mass spec-
trometer (MS) produced by Pfeiffer Vacuum. A total of 150 mg of sample 
was placed in a U-shaped quartz reactor and treated in constant He flow 
(AGA 99.999% purity) at 473 K for 60 min and cooled back to 303 K. 
The sample was then heated from 303 to 873 K or 1173 K in 2% H2/Ar 
(AGA 99.999% purity) with a heating ramp of 5 K min−1. The TPR 
measurement of ZrO2 and ZnO/ZrO2 was performed up to 1173 K, while 
873 K was used as the maximum temperature for the Cu-containing 
samples. The TPR results are qualitative (given as arbitrary units) and 
the areas under the peaks cannot be compared with each other. The total 
gas flow was set at 50 mL min−1 (STP conditions) during the whole 
measurement. 

Table 1 
List of samples containing the metal loadings of Cu and Zn measured by ICP–OES, the corresponding areal number density of Cu and Zn (metal atoms per nm2), the 
amount of CO2 desorbed determined by CO2-TPD at 323 K and the number of reduction peaks and temperature at the maximum height of the peak determined by H2- 
TPR.    

ICP–OES CO2-TPD H2-TPR 

Sample Code Cu metal 
loading, wt% 

Zn metal 
loading, wt% 

Cu 
nm−2 

Zn 
nm−2 

μmol CO2 

(gcat)−1 
molecules CO2 

Zn−1 
molecules CO2 

nm−2 
Number of reduction peaks 
(temperature in K) 

ZrO2 Zr n.a. n.a. n.a. n.a. 95 n.a. 0.8 n.a. 
ZnO/ZrO2 Zn/Zr n.a. 1.4 n.a. 1.9 96 0.45 0.8 n.a. 
Cu/ZrO2 Cu/Zr 1.3 n.a. 1.7 n.a. 63 n.a. 0.5 3 (405, 418, 477) 
ZnO/Cu/ 

ZrO2 

Zn/Cu/ 
Zr 1.1 1.1 1.5 1.5 115 0.67 1.0 1 (418) 

Cu/ZnO/ 
ZrO2 

Cu/Zn/ 
Zr 

1.2 1.2 1.6 1.6 85 0.45 0.7 2 (448, 500) 

ZnO/Cu/ 
ZnO/ZrO2 

Zn/Cu/ 
Zn/Zr 

1.2 2.3 1.6 3.1 109 0.30 0.9 3 (431, 440, 475)  

Fig. 1. Scheme of the samples synthesized and the sequence in which they were 
prepared. The calcination temperatures in each case were chosen for the 
effective removal of nitrates and (acac)2 ligands, while minimizing the sintering 
of copper. 

Fig. 2. Conceptual scheme of the various sample configurations prepared in 
this work. 
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Similarly, carbon dioxide desorption was studied by CO2 
temperature-programmed desorption. The experiments were performed 
using an Altamira AMI-200 characterization system with a TCD con-
nected to an OmniStarTM MS produced by Pfeiffer Vacuum. A total of 
150 mg of sample was placed in a U-shaped quartz reactor, treated in He 
flow at 473 K for 60 min, and cooled back to 303 K. Then, the sample 
was activated by heating the solid from 303 to 623 K in 2% H2/Ar with a 
heating ramp of 10 K min−1 and 60 min hold time. The sample was then 
cooled to 323 K in He flow and maintained at that temperature for 
30 min. Thereafter, the reduced sample was exposed to a constant flow 
of 10% CO2/He (AGA 99.999% purity) for 30 min at 323 K and flushed 
for 60 min at the same temperature in He flow to remove the phys-
isorbed CO2. Finally, the sample was heated from 323 to 1073 K in He 
flow to desorb the chemisorbed CO2. The possible desorbed products 
were continuously monitored during the experiment by mass spec-
trometry. The amount of CO2 desorbed for each measurement was 
quantified by using calcium carbonate (CaCO3) as an internal standard. 
About 4 mg of CaCO3 was mixed with the sample and decomposed 
during the desorption step into CO2 (g) and CaO (s) in the range of 
800–950 K. The total gas flow was set at 50 mL min−1 (STP conditions) 
for all measurements. 

The electronic structure of the samples was studied by high-energy- 
resolution fluorescence-detected X-ray absorption spectroscopy 
(HERFD-XAS). The experiments were performed at the ID20 beamline of 
the European Synchrotron Radiation Facility (ESRF, Grenoble, France) 
[52,53]. The beam was monochromated by a combination of a Si(111) 
premonochromator and a Si(311) channel-cut monochromator. The 
spectrometer was a von Hamos spectrometer based on three Si(333) 
crystal analyzers. 

X-ray photoelectron spectroscopy (XPS) was used to study the sur-
face composition of the reduced samples (623 K for 30 min, 2% H2/Ar, 
transfer to XPS was done through air). The measurements were per-
formed with a Kratos AXIS Ultra DLD X-ray photoelectron spectrometer 
using a monochromated AlKα X-ray source (1486.7 eV) run at 100 W. A 
pass energy of 80 eV and a step size of 1.0 eV were used for the survey 
spectra, while a pass energy of 20 eV and a step size of 0.1 eV were used 
for the high-resolution spectra. Photoelectrons were collected at a 90◦

take-off angle under ultra-high vacuum conditions, with a base pressure 
typically below 1×10−9 Torr. The diameter of the beam spot from the X- 
ray was 1 mm, and the area of analysis for these measurements was 
300 µm x 700 µm. Both survey and high-resolution spectra were 
collected from three different spots on each sample surface in order to 
check for homogeneity and surface charge effects. All spectra were 
charge-corrected relative to the position of C-C bonding of adventitious 
carbon at 284.8 eV. 

Scanning transmission electron microscopy high-angle annular dark- 
field (STEM-HAADF) images were acquired for the prereduced samples 
(623 K, 60 min, 50 mL min−1 of 2% H2/Ar, STP conditions) by a JEOL 
JEM-2200FS double aberration corrected, high-resolution microscope, 
operated at 200 kV acceleration voltage. The chemical elemental map-
ping analysis was conducted with an X-ray energy-dispersive spectros-
copy (EDS) detector. The samples were drop-casted using acetone onto a 
gold grid coated with an ultrathin holey carbon film. 

The evolution of the surface species during the cyclic CO2-H2 
adsorption was measured by diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) carried out in a Nicolet Nexus FTIR spec-
trometer with a high temperature/pressure Spectra-Tech reactor 
chamber equipped with a dome and ZnSe windows. The gas flow leaving 
the chamber was monitored with an OmniStar GSD 301 spectrometer by 
Pfeiffer Vacuum. The scans were collected from 4000 to 600 cm−1 at a 
scan resolution of 4 cm−1. Prior to the experiment, a background spec-
trum was acquired under room conditions using an aluminum mirror in 
constant Ar flow. Approximately 20 mg of crushed sample powder was 
placed in the sample holder, heated from room temperature to 673 K in a 
constant flow of 10% O2/N2/Ar (synthetic air: AGA 99.999% purity, 
20% O2, 80% N2; Ar: AGA 99.9999% purity) and kept there for 60 min 

to remove possible surface impurities. The temperature was then 
decreased to 623 K in the same atmosphere, and the gas was switched to 
10% H2/Ar (H2: AGA 99.999% purity; Ar: AGA 99.9999% purity) and 
kept for 60 min to activate the metal oxides. The catalyst was then 
cooled to the desired reaction temperature, either 450, 500 or 550 K, 
and flushed with Ar for 30 min. The cyclic adsorption of CO2-H2 con-
sisted of three consecutive full cycles of the following sequence: i) CO2 
adsorption for 12 min under flowing 10% CO2/He (AGA 99.999% pu-
rity), ii) switching to Ar flow for 12 min, iii) switching to H2 adsorption 
for 12 min under flowing 10% H2/Ar and, iv) switching to Ar flow for 
12 min. During each step within each cycle, a spectrum (100 scans, 
approximately 2 min) was recorded at 0, 5 and 10 min to monitor the 
surface of the catalyst with respect to time on stream. The total gas flow 
was set at 50 mL min−1 (STP conditions) during the whole experiment. 
A summary of the experimental conditions (timing, gases, flow rates, 
and temperatures) used for DRIFTS experiments is depicted in Fig. 3. 

2.3. Computational methods 

To assist infrared band identification, density functional theory 
(DFT) calculations were performed using the BEEF–vdW exchan-
ge–correlation functional [54] as implemented in the GPAW [55] soft-
ware. The monoclinic zirconia was described by a two-layer-thick slab 
model, built from a 3 × 2 m-ZrO2(111) supercell with periodic bound-
ary conditions used in the lateral directions. The final cell measurements 
were 20.67 × 14.79 × 24.0 Å with angles of 90◦/90◦/116.5◦. Cu(111) 
and stepped Cu(110) surfaces were modeled as three-layer periodic 
slabs, where the bottom layers were kept fixed in their bulk geometry in 
unit cells of 4 × 4 and 3 × 4, respectively. The core electrons of all el-
ements were described by projector-augmented wave (PAW) [56] setups 
in the frozen-core approximation. A real–space grid basis was used with 
a maximum grid spacing of 0.2 Å. Periodic boundary conditions were 
used in two directions and the reciprocal space was sampled at the Γ 
point. A Hubbard U correction [57] of 2.0 eV was applied to the 
d–orbitals of the zirconium atoms. The atomic structures were optimized 
using the Fast Inertial Relaxation Engine (FIRE) algorithm as imple-
mented in the Atomic Simulation Environment (ASE) [58,59] package 
until the maximum residual force was below 0.005 eV Å−1. Vibrational 
frequencies for modes involving adsorbate and binding catalyst surface 
atoms were determined using the Frederiksen method [60]. The fre-
quencies of the combined modes were obtained by adding up the fre-
quencies of their individual contributions. 

2.4. Activity tests in a continuous flow reactor 

The catalytic performance was evaluated in a high-pressure contin-
uous-flow fixed-bed equipped with a stainless-steel tube reactor with a 
mesh placed in the midsection of the reactor. One gram of calcined 
catalyst, sieved to 0.25–0.42 mm, was loaded in the reactor. Prior to the 
catalytic reaction, the catalyst was activated by in situ reduction at 
623 K for 60 min with a constant flow of 10% H2/N2 (v/v; H2: AGA 
99.999% purity, N2: AGA 99.999% purity). Activity tests were con-
ducted at 450, 500 and 550 K with a total pressure of 3.0 MPa and a gas 
hourly space velocity (GHSV) of 7500 h−1 (STP conditions: 273.15 K 
and 1 bar). The reaction mixture was composed of H2/CO2/N2 (⁓ 71/ 
23/6, v/v/v; H2: AGA 99.999% purity; CO2, AGA: 99.995%; N2: AGA 
99.999% purity). The volumetric flows were 6.3 L h−1 of H2, 2 L h−1 of 
CO2 and 0.6 L h−1 of N2 (STP conditions) and the volume of catalyst 
used per experiment was approximately 1.2 10−3 L. For each catalyst, 
the reaction temperature was increased in steps of 50 K. Initially, the 
reactor temperature was stabilized at 450 K and kept there for 90 min. 
Next, the temperature was increased to 500 K (10 K min−1), stabilized, 
and kept there for another 90 min. Finally, the procedure was repeated 
for the highest temperature of 550 K. Thus, the data depicted in this 
manuscript were collected after 90 min under each operating condition. 
The unreacted gases and reaction products were continuously monitored 
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in an Agilent 490 Micro Gas Chromatograph (microGC) fitted with a 
thermal conductivity detector (TCD) and equipped with two columns: a) 
MS-5 molecular sieve for permanent gases H2, N2, CH4 and CO and, b) 
PoraPLOT U for CO2, CH3OH and H2O. The CO2 conversion (XCO2, Eq. 1) 
and product selectivity (Si, Eq. 2) were calculated by internal 

normalization standard with N2. The CO2 conversion, the selectivity of 
CH3OH, CO and CH4 and the space-time yield of CH3OH (STYCH3OH, 
mmol h−1 gcat

−1, Eq. 3) were calculated according to the following 
formulas: 

Fig. 3. Summary of the timing and experimental conditions used for the DRIFTS experiments. Heating and cooling ramps are estimates.  

Fig. 4. STEM-HAADF images and energy-dispersive X-ray spectroscopy (EDS) mapping of different elements for Zr (a) and prereduced Zn/Zr (b), Cu/Zr (c), Zn/Cu/ 
Zr (d), Cu/Zn/Zr (e) and Zn/Cu/Zn/Zr (f) samples. 
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XCO2 (%) =
FCO2,in − FCO2,out

FCO2,in
∗ 100% (1)  

Si(%) =
Fi,out

FCH3OH,out + FCO,out + FCH4,out
∗ 100% (2)  

STYCH3OH(mmol h−1gcat
−1) =

FCO2,in ∗ XCO2 ∗ SCH3OH

mcat

(3)  

where FCO2 and Fi are the molar flow rates of CO2 or products (CH3OH, 

CO and CH4) and mcat is the mass of catalyst in grams. 

3. Results and discussion 

3.1. Characterization of fresh catalysts 

The list of samples (support and self-made catalysts), the corre-
sponding sample code used throughout the manuscript, the Cu and Zn 
metal loadings measured by ICP–OES and the Cu and Zn areal number 
density, the amount of CO2 desorbed in the CO2-TPD experiments and 

Fig. 5. Cu K-edge HERFD-XAS (a) and normalized first derivative (b) and, Zn K-edge HERFD-XAS (c) and normalized first derivative (d) for the self-made Cu-Zn on 
ZrO2 samples. Cu foil, Cu2O, CuO, Zn foil, ZnO and Zn(acac)2 spectra were included as references. 
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the number of reduction peaks (for Cu-species) and temperature at the 
maximum height of the peak determined by H2-TPR are listed in Table 1. 

The STEM-HAADF images and EDS mapping of elements for the 
support and self-made samples are depicted in Fig. 4. Based on the re-
sults, the elements mapped for each sample seem to be evenly distrib-
uted throughout the samples and no high concentration spots were 
detected in any of the samples. The estimation of the Cu and Zn particle 
size distributions was impossible due to the poor contrast between Cu, 
Zn and Zr. 

Also, the percentage of a monolayer of ZnO (% ML) was estimated as 
a ratio between the areal number density of ZnO in each sample (Zn 
atoms per nm2, calculated from the Zn metal loadings measured by 
ICP–OES) and the average areal number density of Zn in one bulk ZnO 
monolayer obtained through equation reported elsewhere [42] 
(12.0 nm−2, from ZnO density = 5.61 g cm−3). According to these cal-
culations, one Zn-ALD cycle (Zn/Zr, Cu/Zn/Zr and Zn/Cu/Zr samples) 
yielded approximately 15% of a bulk ZnO ML equivalent. 

3.2. X-ray absorption spectroscopy (XAS) 

The electronic structure (oxidation states) of copper and zinc was 
investigated by high-energy-resolution fluorescence-detected X-ray ab-
sorption spectroscopy (HERFD-XAS). The Cu and Zn absorbance at the 
Cu and Zn K-edges are depicted in Fig. 5 for the various catalysts and 
references (Cu foil, Cu2O, CuO, Zn foil, ZnO and Zn(acac)2). Along with 
the samples prepared and reported in Table 1, two more samples were 
prepared and analyzed: Zn/Cu/Zr (5 wt% Cu) and Zn/Cu/Zr (15 wt% 
Cu). These samples were synthesized to observe a possible effect of the 
Cu loading on the electronic structure of Cu and Zn. All the samples 
analyzed by HERFD-XAS were studied after the calcination treatment 
detailed under Section 2.1 (673 K or 773 K when Cu or Zn were added 
last, respectively), except a Zn/Zr sample that was also studied before 
the calcination step, i.e., after the Zn-ALD cycle. 

Analyzing the Cu K-edge HERFD-XAS and first derivative (relative to 
incident energy) spectra (Fig. 5a-b) of the Zn/Cu/Zr samples with 
various Cu loadings, the spectra of the samples with 5 wt% and 15 wt% 
Cu were similar to that of CuO, which indicated a clearer presence of 
bulk CuO when increasing the Cu content. The characteristic edge 
transition for CuO can be observed at ca. 8.984 keV [32]. The rest of the 
samples (Zn/Cu/Zr with 1.1 wt% Cu, Cu/Zn/Zr and Cu/Zr) showed the 
absence of the first main shoulder that caused an apparent shift of the 
first peak of the derivative spectrum toward higher energies (Fig. 5b). 
The shoulder in CuO stems from 1 s to 4p transitions with a charge 
transfer from the ligand (1s13d10 _L_ final state, with _L_ denoting a 
ligand hole) [61,62]. This ligand effect decreases from CuO to the cat-
alysts and it is typically absent in tetrahedral Cu(II) complexes [63]. The 
local coordination in bulk CuO is nearly square planar while the dif-
ference in the catalysts indicates a different local coordination in the 
surface-dominated Cu species. Thus, the pre-edge intensity (at 8.979 eV) 
decreases from CuO to the catalysts, indicating more likely an octahe-
dral coordination in our samples, where the pre-edge is 
dipole-forbidden. However, the absence of the characteristic Cu1+ 1 s-4p 
transition feature at ca. 8.98 keV [63] indicates the absence of Cu2O in 
any of the samples. Thus, it can be concluded that the Cu valence state 
seemed to be Cu2+ for all the catalysts. 

For the Zn K-edge (Fig. 5c-d), the HERFD-XAS spectra and 1st de-
rivative were very similar for all the samples, which suggests that the 
chemical environment for Zn is not significantly influenced either by the 
order in which Cu and Zn were added to the catalyst or by the Cu 
loading. Comparing the HERFD-XAS spectra of the samples with the ZnO 
(wurtzite) reference, there were significant differences; however, the 
presence of the Zn2+ oxidation state can be assumed. The peak at 
9.679 eV present on ZnO reference, assigned to multiple scattering on 
atomic neighbors beyond the first shell [64], was not visible in any of the 
samples (except for a small peak observed on the Cu/Zn/Zr sample) 
which evidenced the presence of atomically dispersed ZnO species. It 

was computationally [64] and experimentally [49] demonstrated that 
ZnO XANES features are developed while increasing the number of ZnO 
atomic shells and, consequently, the ZnO cluster size. To the best of our 
understanding, it was expected that Zn was atomically dispersed as lone 
ZnO units with an oxidation state of Zn2+. 

3.3. X-ray photoelectron spectroscopy (XPS) 

To complement the bulk structural-chemical information obtained 
by HERFD-XAS, the surface composition was analyzed by XPS. The 
samples were reduced ex situ and momentarily exposed to the atmo-
sphere during the preparation before the analysis. 

The elemental composition and the relative amount of the diverse 
zinc components are included in Table 2. The survey spectra of the 
samples in the range of 0–1200 eV are included in Fig. S2 and the high- 
resolution XPS spectra of the Zn 2p and Cu 2p regions are depicted in  
Fig. 6. As expected, all samples exhibited zirconium and oxygen, the 
relative amount of which decreased when adding other components 
(Table 2). The surface concentration of copper and zinc content 
measured by XPS varied between 2–4 and 3–7 at%, respectively, for the 
samples. The Zn/Cu atomic ratio was close to two for the samples with 
one ALD cycle of Zn and Cu by impregnation. Compared to the bulk 
atomic ratio of about one (see Table 1), the observed Zn/Cu ratio is 
consistent with zinc located on the surface and copper somewhat clus-
tered. Addition of zinc on Cu/Zr decreased the surface concentration of 
copper, as expected (from 3.0 to 1.9 at% for Zn/Cu/Zr). According to 
XPS, the Cu/Zn/Zr sample had a higher surface concentration of both 
copper and zinc than the inverse Zn/Cu/Zr. While the reason for this 
observation is not fully clear, we speculate that it may have to do with 
the details of impregnation (zinc oxide is amphoteric [65] and the 
impregnation solution was acidic; part of the zinc may have dissolved 
and migrated to the outer surface during drying). Addition of zinc on 
Cu/Zn/Zr again decreased the surface concentration of copper (from 4.0 
to 2.8 at% on Zn/Cu/Zn/Zr). 

Taking a closer look at the high resolution XPS results, the Zn 2p3/2 
region (Fig. 6a) could be deconvoluted to three different species of Zn2+. 
These correspond to ZnO-like species (1021.5 eV) and Zn mixed state 
denoted a (1023.1 eV) and Zn mixed state denoted b (1024.4 eV). The 
presence of metallic zinc can be discarded due to the absence of a peak at 
a slightly lower binding energy (at ⁓ 1021 eV [66]). The highest frac-
tion of zinc in ZnO-like species was in the Zn/Cu/Zr sample (over 85%). 
The Cu 2p3/2 region (Fig. 6b) showed the presence of Cu metal (Cu0) and 
Cu2+ in all Cu-containing samples. Although the samples had been 
reduced before the XPS measurements, sample transfer through air to 
XPS had evidently been sufficient to oxidize part of the Cu0 to Cu2+. 

Table 2 
XPS-measured relative surface concentration of elements and relative amount of 
the different components of zinc.   

Element, at%a 
Zn/ 
Cu 
ratio 

Components of zinc, 
% 

Sample 
Zr 
3d 

Zn 
2p 

Cu 
2p 

O 
1 s 

C 
1 s ZnO 

Zn mixed 
state a + b 

Zr 31.9 0.0 0.0 53.7 12.6 – 0.00 0.00 
Zn/Zr 30.6 2.9 0.0 52.8 12.5 – 69.8 27.4 + 2.8 
Cu/Zr 30.9 0.0 3.0 51.6 13.6 – 0.00 0.00 
Zn/Cu/ 

Zr 
28.3 3.6 1.9 51.2 14.3 1.9 86.7 12.5 + 0.8 

Cu/Zn/ 
Zr 

23.1 7.1 4.0 50.1 15.3 1.8 72.3 22.2 + 5.5 

Zn/Cu/ 
Zn/Zr 25.3 7.0 2.8 49.4 14.9 2.5 73.0 21.8 + 5.2  

a The remaining percentage in the elemental composition up to 100% corre-
sponds to a small contamination of fluorine. 
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3.4. Temperature-programmed experiments 

The reducibility of CuO was studied by H2-TPR (hydrogen 
temperature-programmed reduction). The results are shown in Fig. 7. 
The reduction profiles for Zr and Zn/Zr samples are also shown in Fig. 7 
as a reference. The Zr sample showed a very small and broad reduction 
peak with a maximum at 860 K that can be related to the formation of 

surface oxygen vacancies on the support [67,68]. On the Zn/Zr sample, a 
single reduction peak was found at 815 K, which can be associated with 
the partial reduction of the support and/or with the partial reduction of 
ZnO to metallic Zn [69,70]. 

The Cu-containing samples showed various reduction peaks in the 
range of 360–510 K, depending on the order in which Cu and Zn were 
incorporated into the support. Reduction of CuO in the Cu/Zr sample 
generated up to three reduction peaks: two overlapping peaks with 
maxima at 405 and 418 K and a third peak with a maximum at 477 K. 
The double reduction peak at relatively low temperatures (frequently 
named the α and β peaks [71–74]) has been previously reported in 
samples with relatively low CuO loadings of approximately 5 wt%. In 
accordance with these authors, well-dispersed Cu2+ species are first 
reduced to Cu+ (α-peak) and subsequently to Cu0 (β-peak). The third 
peak at higher temperature can be assigned to the reduction of more 
poorly dispersed bulk-like CuO particles or CuO particles with a stronger 
metal-support interaction [72,73,75]. 

The deposition of Zn on top of Cu/Zr (Zn/Cu/Zr sample) led to a 
partial improvement in the reducibility of CuO. The previously reported 
α and β peaks in the Cu/Zr sample merged into a single reduction peak at 
418 K, while the reduction at 477 K in Cu/Zr shifted to a lower tem-
perature. This latter observation suggests that the addition of Zn after Cu 
improved the dispersion of bulk CuO particles [19,76]. Surprisingly, 
when zinc was added by ALD before copper impregnation (Cu/Zn/Zr 
sample), higher reduction temperatures than in the Zn/Cu/Zr sample 
were observed with two reduction peaks at ca. 448 and 500 K, the latter 
presumably generated by the reduction of larger CuO particles. The 
positive effect of zinc addition after copper impregnation on the 
reducibility of bulk CuO is also observable in the Zn/Cu/Zn/Zr sample 
with a shift of the peak maximum from 500 to 475 K. 

The CO2-TPD (carbon dioxide temperature-programmed desorption) 
profiles of pure Zr and the self-made Cu-Zn on Zr samples are displayed 
in Fig. 8. Up to four different desorption peaks or desorption domains 
can be identified. The first two peaks (at ca. 380 and 445 K) can be 
assigned to weakly basic sites with different gas–solid interactions, 
while peaks at approximately 565 and 700 K can be attributed to 
moderate and strong basic sites, respectively [77,78]. Accordingly, the 

Fig. 6. High-resolution XPS spectra of the Zn 2p (a) and Cu 2p (b) regions for the self-made Cu-Zn on zirconia samples.  

Fig. 7. Temperature-programmed reduction (H2-TPR) profiles of zirconia 
support (Zr) and self-made Cu-Zn on zirconia samples. The samples are 
described in Table 1. 
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desorption profile of pure Zr showed the presence of a significant 
amount of desorbed CO2 in the range of 340–600 K with a main 
desorption peak at 380 K (most likely bicarbonate species on surface 
-OH groups) and a less significant and broader peak at 445 K. The 
addition of Cu and/or Zn resulted in the appearance of new desorption 
peaks at higher temperatures while the main peak at approximately 
380 K became broader and less intense. 

The amount of desorbed CO2 (Table 1) followed the order (from 
higher to lower): Zn/Cu/Zr > Zn/Cu/Zn/Zr > Zn/Zr > Zr > Cu/Zn/Zr 
> Cu/Zr ranging from 115 to 63 µmol of CO2 per gram of catalyst. In 
general, ZnO played an important role for the adsorption of CO2, espe-
cially when it was introduced after copper. The deposition of ZnO on 
Cu/Zr sample (Zn/Cu/Zr sample) increased the total amount of adsor-
bed CO2 from 63 to 115 μmol CO2 gcat

−1 (~80% higher) while the depo-
sition of ZnO on Cu/Zn/Zr (Zn/Cu/Zn/Zr sample) increased the 
adsorbed CO2 from 85 to 109 μmol CO2 gcat

−1 (~30% higher). This trend 
shows the benefits of the zinc-after-copper pair in promoting the 
adsorption capacity of the catalyst and the advantages of adding the Zn 
atoms after Cu. When the results were expressed as molecules of CO2 per 
Zn atom (Table 1), Zn/Cu/Zr was still a superior catalyst (0.67 mole-
cules of CO2 per Zn atom); however, the Zn/Cu/Zn/Zr sample performed 
worse, turning out to be the catalyst with the lowest capacity among the 
Zn-containing catalysts (0.3 molecules of CO2 per Zn atom). These re-
sults showed that Zn has an essential role in the adsorption of CO2 but 
the amount of CO2 and the Zn loading are not linearly correlated, the 
Zn/Cu/Zr being the preferred configuration to maximize the amount of 
adsorbed CO2. 

3.5. Evaluation of CO2 and H2 adsorption by DRIFTS 

To understand the CO2 and H2 adsorption of Cu and Zn on ZrO2, the 
surface species were monitored during three consecutive adsorption 
cycles of CO2 and H2 by in situ DRIFTS. To follow the catalyst surface 
with the experiment, representative spectra of the first and third cycles 

of adsorption are depicted in Fig. 9 in the fingerprint region 
(1700–1200 cm−1). The results are shown for the studied catalysts at 
three temperatures (450, 500 and 550 K). The selected spectra in Fig. 9 
show the surface species after either 5 or 10 min of a certain gas flow 
(CO2, H2 or Ar). In the supplementary material (Figs. S3-S7), monitoring 
with respect to time on stream (first five minutes of exposure to CO2 and 
H2) of the surface species during the first cycle of CO2 and H2 adsorption 
is displayed. An example of the evolution of several MS signals during 
the DRIFTS experiment carried out at 500 K with the Zn/Cu/Zr sample is 
displayed in Fig. S8. 

The cyclic adsorption on the Zr sample (Fig. 9a) was considered to 
serve as a reference for the CO2 and H2 adsorption capabilities of the 
support material at various temperatures. After 10 min of CO2 flow, the 
surface showed the presence of bicarbonate species, HCO3

- at ca. 1625, 
1427 and 1220 cm−1 and bidentate carbonates CO3

2- at ca. 1560–1530, 
and 1330 cm−1, with the band positions exhibiting good agreement with 
the literature [79–82]. According to the literature, the presence of ter-
minal -OH groups is required for the formation of bicarbonate species, 
while carbonates (either monodentate, bidentate or polydentate) 
require the presence of coordinately unsaturated (c.u.s.) Zr4+ and O2- 

sites [79,80,82]. Experimentally, the highest intensity for bicarbonate 
species was observed at the lowest temperature (450 K), and the in-
tensity decreased with increasing temperature, especially from 450 to 
500 K. In contrast, the intensity of bidentate carbonate species was not 
significantly affected by the temperature of the experiment. The spec-
trum after one minute of CO2 flow (Fig. S3) did not differ from the 
spectrum after 10 min, which indicated a rapid saturation of the surface 
with carbonate and bicarbonate species. After switching the gas flow 
from CO2 to Ar, bicarbonate species vanished almost completely during 
10 min of Ar purge. At 450 K, vibrational bands at ca. 1564 and 
1330 cm−1 corresponding to bidentate carbonate species remained 
slightly visible, which suggested a stronger adsorption of these species to 
ZrO2 compared to bicarbonate species. A similar observation was made 
by Kouva and coworkers [79] when studying the adsorption of CO2 on 
ZrO2 by DRIFTS in the range of 373–673 K. Both the first and third cy-
cles of adsorption yielded comparable spectra with no apparent accu-
mulation of any species throughout the experiment. 

The incorporation of Zn atoms onto ZrO2 by ALD (Zn/Zr sample, 
Fig. 9b) clearly modified the CO2 adsorption capacity of ZrO2. After 
10 min of CO2 exposure (either during the first or third cycle of 
adsorption), a crowded carbonate region (1600–1300 cm−1) was 
observed. The vibrational band at 1220 cm−1 during the CO2 flow 
indicated the presence of bicarbonate species, most likely on unsatu-
rated Zr or Zn sites [83,84]. After 10 min of Ar purge after the first cycle 
of CO2 adsorption, the spectra still displayed a busy carbonate region, 
indicating that Zn or the Zn-ZrO2 interface can store CO2-related species 
(especially carbonates at ca. 1535 cm−1) with a greater adsorption 
strength than ZrO2. The switch from Ar to H2 flow led to the formation of 
new species such as formates (*HCOO-) located at ca. 2966, 2873 
(Fig. S4), 1575, 1379 and 1365 cm−1 (Fig. 9b), while the intensity of 
carbonate species (at ca. 1535 cm−1) decreased in parallel. The forma-
tion of formate species was already visible after 1 min of H2 flow 
(Fig. S4), which indicated a speedy hydrogenation of carbonates to 
formates on a Zn/Zr sample. In addition, more formates were clearly 
detected with increasing experimental temperature and number of 
adsorption cycles. This indicated: i) the ability of the Zn or Zn-ZrO2 
interface to accumulate carbonates during the CO2 flow and to further 
convert them to formates, and ii) the high stability of formates on the 
Zn/Zr sample even at high temperature since they did not disappear or 
further react between cycles. 

The computational and experimentally observed infrared vibrational 
frequencies for formate species are displayed in Table 3. The frequencies 
for formate species were computed on different model systems such as 
m-ZrO2 (111), ZnO/m-ZrO2 (111), Cu (111), and Cu (110). The model 
surfaces used in DFT calculations are displayed in Fig. S9. Additionally, 
the computed IR frequencies for possible intermediates, such as formic 

Fig. 8. Temperature-programmed desorption (CO2-TPD) profiles of zirconia 
(Zr) support and self-made Cu-Zn on zirconia samples. The bar chart in the 
upper right corner shows the amount of CO2 desorbed per gram of catalyst 
calculated with an internal standard (CaCO3). The samples are described 
in Table 1. 
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Fig. 9. DRIFT spectra of surface species in the 1700–1200 cm−1 (fingerprint) region during the 1st and 3rd cyclic adsorption of CO2-H2 with Ar purge in between for 
(a) Zr, (b) Zn/Zr, (c) Cu/Zr, (d) Zn/Cu/Zr and (e) Cu/Zn/Zr samples. Color coding: in Ar flow before switching to CO2 flow (gray), after 10 min of CO2 flow (blue), 
after 10 min Ar flow before switching to H2 flow (red), after 5 min of H2 flow (green), after 10 min of H2 flow (yellow). (f) Formates (ca. 1575 cm−1) to carbonate (ca. 
1335 cm−1) intensity ratio for each catalyst and different temperatures. Experimental conditions: 0.1 MPa; 450, 500 and 550 K; 50 mL min−1 (STP conditions) of: Ar 
during Ar purge; 10% CO2/He during CO2 flow; 10% H2/Ar during H2 flow. The results for the 1st and 3rd cycle of adsorption are presented. 
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acid *HCOOH, carboxyl *COOH and dioxymethylene *H2COO, which 
are intermediate species in methanol formation [19,85], are given in 
Figs. S10-S13. According to the DFT calculations, formate species pro-
duced four different bands on ZnO/ZrO2 in the 3000–1200 cm−1 region 
that correspond to different functional groups and types of vibration. 
The bands were located at 1326, 1358, 1535 and 2961 cm−1, and they 
correspond to symmetric stretch υs(O-C-O), bending δ(C-H), asymmetric 
stretch υas(O-C-O) and stretching υ(C-H), respectively. The experimental 
band at ca. 2970 cm−1 can be attributed to the combination of C-H 
bending and asymmetric O-C-O stretching modes [86]. 

The first cycle of CO2 adsorption over the Cu/Zr sample (Fig. 9c) led 
to a less crowded fingerprint region compared to Zn/Zr sample. As for 
the Zr sample, the main species detected were bicarbonates (at ca. 1625, 
1430 and 1220 cm−1) and bidentate carbonates (at ca. 1557 and 
1330 cm−1): the bicarbonates were rapidly removed after 10 min of Ar 
purge. Additionally, according to the band observed at 1535 cm−1, 
carbonates were present on the catalyst surface. Similar to the Zn/Zr 
sample (Fig. 9b), formates were formed during exposure to H2; however, 
the position of the band of the O-C-O asymmetric vibration differed 
(1575 cm−1 on the Zn/Zr sample and 1569 cm−1 on the Cu/Zr sample). 
A lower IR frequency for formate species on Cu (111 and 110) compared 
to that on a Zn/Zr sample was also predicted by DFT calculations (Cu 
(111) vs. ZnO/m-ZrO2, Table 3). After three consecutive cycles of CO2 
and H2 adsorption, formates reached the highest intensity at 500 K, 
followed by 550 and 450 K. During the 3rd cycle of H2 flow on the Cu/Zr 
sample, the intensity of formate species slightly decreased from 5 to 
10 min on stream, which evidenced the strong adsorption of formate 
species on the Cu/Zr sample. Herein, by using a combined experimental 
and computational (DFT calculations) approach, Larmier and coworkers 
[85] found that on a Cu/ZrO2 catalyst, formate species exhibit a low 
Gibbs free energy, which dictates their strong adsorption on the catalyst 
surface. 

With Zn/Cu/Zr (Fig. 9d) and Cu/Zn/Zr (Fig. 9e) samples, the 
detected species and the discussed trends with respect to temperature 
and CO2 and H2 cycles displayed a combination of the results observed 
based on Zn/Zr and Cu/Zr samples. Thus, mainly due to the presence of 
Zn in both Zn/Cu/Zr and Cu/Zn/Zr samples, the fingerprint region was 
highly occupied by CO2-related species after exposing the catalysts to 
CO2. Formate was the main species detected after completing the cycles 
of adsorption of CO2 and H2, and no further hydrogenated species were 
observed (such as formic acid, *HCOOH, dioxymethylene, *H2COO or 
methoxy, *H3CO). 

Based on the DRIFTS results discussed above, carbonates were 

present on all samples, and formate was the prevalent hydrogenated 
species in the selected experimental conditions. To compare the ability 
of each catalyst to hydrogenate carbonates into formates, a “formates to 
carbonates intensity ratio” was calculated and followed throughout the 
first to third cycles of adsorption for the various temperatures (Fig. 9f). 
Bands at 1535–1533 and 1575–1569 cm−1 were chosen as representa-
tive frequencies for carbonates and formates, respectively. Comparing 
the evolution of the ratio by temperature, clear trends could be observed 
at 500 and 550 K, while at 450 K, the ratio remained roughly constant at 
ca. 1 throughout cycles, which indicated a poor reduction of carbonates 
to formates at this temperature. At 500 and 550 K, the ratio was 
approximately 1.5 and 1.3, respectively, which pointed out the positive 
effect of temperature in the transformation of carbonates to formates. In 
all cases, the increase of the ratio originated from the concurrent 
decrease in the intensity of carbonate and the increase in the intensity of 
formate. At 500 K, the Zn/Zr sample yielded the highest ratios at the end 
of each cycle which indicated the crucial role of the ZnO-ZrO2 interface 
to form formate from carbonate. Especially outstanding was the increase 
of the ratio for the Zn/Cu/Zr sample at 500 and 550 K when hydrogen 
was introduced into the system (increase highlighted with solid black in 
lines in Fig. 9f). This behavior revealed the good ability of the Zn/Cu/Zr 
configuration in the hydrogenation of carbonate to formate. In addition, 
the Zn/Cu/Zr was the unique sample that exhibited a rising ratio during 
H2 flow under any condition. This indicated that the Zn/Cu/Zr config-
uration was able to remain active in the transformation of carbonate to 
formate during the 10 min of H2 flow, presumably due to a greater 
ability to keep CO2 adsorbed, as observed in Fig. 8. 

3.6. Catalytic performance evaluation 

The catalytic performance of Cu-Zn on zirconia catalysts is illustrated 
in Fig. 10 for the three selected reaction temperatures: 450, 500 and 
550 K. Fig. 10a shows the CO2 conversion, Fig. 10b-c show the pro-
duction of CH3OH expressed as the space-time yield in mmolCH3OH gcat

−1 

h−1 and in mmolCH3OH gCu
−1 h−1, respectively, and Fig. 10d shows the 

product selectivity for CH3OH, CO and CH4. Among the three reaction 
temperatures tested, all the catalysts showed activity at 500 and 550 K, 
while there was no measurable activity at 450 K. Greater CO2 conver-
sion values were achieved for all the samples with increasing reaction 
temperature. The CO2 conversion values attained with both Cu- and Zn- 
containing samples, i.e., Zn/Cu/Zn/Zr, Zn/Cu/Zr and Cu/Zn/Zr, were 
higher than those achieved with Zn/Zr, Cu/Zr and Zr samples, which 
evidenced the importance of the Cu-Zn interactions in the CO2 hydro-
genation reaction in accordance with the literature [18,19,87]. Inter-
estingly, the addition of Zn on top of Cu (Zn/Cu/Zr and Zn/Cu/Zn/Zr 
samples) promoted CO2 conversion, and the most remarkable 
improvement occurred at 550 K, with conversion values of approxi-
mately 9% for Zn/Cu/ZrO2 and 6.5% for Zn/Cu/Zn/ZrO2. Under the 
same operating conditions, the other samples (Cu/Zn/Zr, Cu/Zr and 
Zn/Zr) yielded CO2 conversion values between 2% and 4%. 

Regarding the product selectivity (Fig. 10d), temperature had a 
remarkable effect on the product distribution. At 500 K, the prevailing 
product was methanol with all catalyst combinations (except on the Zr 
sample, which only produced CO). Thus, the highest CH3OH selectivity 
was achieved at 500 K with Zn/Cu/Zn/Zr sample (close to 80%) fol-
lowed by Zn/Cu/Zr (71%) and Cu/Zn/Zr (68%) samples. The selectivity 
toward CO increased significantly when increasing the temperature 
from 500 to 550 K, according to the endothermicity of the reverse-WGS 
reaction (ΔH◦

298k = + 41 kJ mol−1) [88]. Advantageously, the 
Zn/Cu/Zr sample did not produce any methane under any of the con-
ditions, in contrast to the Zn/Cu/Zn/Zr and Cu/Zn/Zr samples that 
produced methane at both 500 and 550 K with selectivities around 
3–6%. 

In terms of methanol production (Fig. 10b-c), the most efficient 
catalysts were Zn/Cu/Zn/Zr and Zn/Cu/Zr, with similar production 
rates at 500 K (⁓ 1.9 mmolCH3OH gcat

−1 h−1) and 550 K (⁓ 

Table 3 
Comparison between experimental and DFT calculated infrared vibrational 
frequencies (in cm−1) for formate species. Formates were calculated for m-ZrO2, 
ZnO/m-ZrO2, Cu (111) and Cu (110) systems.   

Experimental IR 
frequencies (cm−1) 

Calculated IR frequencies (cm−1) 

Assignment m- 
ZrO2 

ZnO/ 
m-ZrO2 

Cu 
(111) 

Cu 
(110) 

OCO-symmetric, 
υs(O-C-O) 

Zn/Zr: 1365–1369 
Cu/Zr: 1367 
Zn/Cu/Zr: 1369 
Cu/Zn/Zr: 1367 

1323 1326 1307 1315 

CH swing, 
bending δ(C-H) 

Zn/Zr: 1379 
Cu/Zr: 1379 
Zn/Cu/Zr: 1377 
Cu/Zn/Zr: 1377 

1338 1358 1347 1358 

OCO-asymmetric, 
υas(O-C-O) 

Zn/Zr: 1575 
Cu/Zr: 1569 
Zn/Cu/Zr: 1575 
Cu/Zn/Zr: 1575 

1532 1535 1507 1524 

CH strech, υ(C-H) 

Zn/Zr: 2869 
Cu/Zr: 2873 
Zn/Cu/Zr: 2867 
Cu/Zn/Zr: 2869 

2981 2961 2970 2953  
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3.8 mmolCH3OH gcat
−1 h−1). For Cu/Zn/Zr sample, the methanol produc-

tion was lower (1.3 and 2.9 mmolCH3OH gcat
−1 h−1 at 500 and 550 K, 

respectively). Moreover, Zn/Cu/Zr and Zn/Cu/Zn/Zr samples showed a 
space-time yield of methanol approximately three times higher than that 
achieved with Cu/Zr and Zn/Zr samples. When the methanol production 
was referred to in terms of grams of copper (Fig. 10c), the Zn/Cu/Zr 
sample produced 165 and 340 mmolCH3OH gCu

−1 h−1 at 500 and 550 K 
(similar rates were attained with the Zn/Cu/Zn/Zr sample), while the 
Cu/Zn/Zr sample produced 107 and 241 mmolCH3OH gCu

−1 h−1 under the 
same operating conditions. Therefore, the activity results highlight the 
potential interest of adding Zn by atomic layer deposition after Cu to 
promote methanol production catalysis. 

3.7. On the impact of zinc promoter produced by ALD on carbon dioxide 
hydrogenation to methanol 

The presence of zinc oxide overlayers on top of copper particles in 
industrial-type Cu/ZnO/Al2O3 catalysts during the hydrogenation of 
carbon oxides to methanol has been demonstrated in diverse studies 
during the last decade [11,89,90]. Schott et al. [91] reported the unique 
properties of ZnO layers on the surface of copper particles due to the 
partial reduction of ZnO to a less strongly oxidized Znδ+ state under the 
reducing conditions of methanol synthesis. Similarly, Behrens and col-
laborators [11] demonstrated that the Cu-ZnO synergy lies in their 
strong metal support interaction leading to partial coverage of the 
copper surface with ZnOx under reducing (activation) conditions. Thus, 
ZnO nanoparticles dispersed on top of copper are special entities that 
could show particular physico-chemical properties not observed for bulk 
oxides [38,89,92]. 

As previously described in the introduction there seems to be 
agreement among scholars in setting the optimal coverage of copper 
particles by ZnOx for a higher catalytic activity at relatively low values 
of 15–20% monolayer (ML) [19,38,40]. Nevertheless, higher coverages 
(θZn = 0.47) have also been reported as optimal values [41]. Although 
this difference is not fully understood, all of these studies agree that 
larger coverages of ZnO may negatively affect the catalyst activity in 
terms of methanol production [19,38,40,41]. Furthermore, the compu-
tational studies carried out by Kuld and coworkers [41] predicted a 
greater TOF of methanol for ZnO particles smaller than 7 nm, sizes that 
can be easily accomplished by ALD. Based on our results, we observed 
that zinc added by one ALD cycle yielded ⁓15% ML of ZnO, while we 
speculate that Cu formed larger structures from nanoparticles to small 
clusters. Based on this remark, the addition of copper by impregnation 
after zinc ALD might have disabled some of the ZnO species and pre-
vented their assistance in any further reaction. This speculation is sup-
ported by the similar methanol production rates observed for Zn/Cu/Zr 
and Zn/Cu/Zn/Zr samples. 

To place these arguments and calculations on a more solid basis, we 
have compared the results included in this manuscript with the results 
reported in the literature for earlier studies (Table 4). In our work, with 
the Zn/Cu/Zr sample, we report rates of 165 and 340 mmolCH3OH 
gCu

−1h−1 at 500 and 550 K, respectively, while 169 and 321 mmolCH3OH 
gCu

−1h−1 were produced with the Zn/Cu/Zn/Zr sample under the same 
temperature conditions. Recently, Saedy et al. [48] accomplished a 
methanol productivity of ⁓ 56 mmolCH3OH gCu

−1h−1 at 523 K and 
3.0 MPa with a ZnO/Cu/Al2O3 catalyst (Zn added by PCVD) and a 
Zn/Cu atomic ratio of 0.5. Higher Zn/Cu atomic ratios (up to 1.64) did 
not significantly affect the production of methanol. It is also important 

Fig. 10. CO2 conversion (a), CH3OH space-time yield in mmolCH3OH gcat
−1h−1(b), CH3OH space-time yield in mmolCH3OH gCu

−1h−1 (c), and CH3OH, CO and CH4 
selectivity (d) for each catalyst. Experimental conditions: 3.0 MPa; 450, 500 and 550 K; reaction mixture composed of H2/CO2/N2 (71/23/6, v/v/v); gas hourly space 
velocity (GHSV) of 7500 h−1. The data were collected after 90 min under the given operating conditions. 
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to highlight that we achieved a similar areal number density and % of 
ML of ZnO for the Zn/Cu/Zr sample to those reported by Saedy et al. (⁓ 
1.5 Zn atoms/nm2, ⁓ 13% ML). In a similar study, Gao et al. [27] 
synthesized ALD ZnO-coated Cu/SiO2 catalysts with various exposure 
times and ALD cycles and tested them in the hydrogenation of carbon 
dioxide. Among the prepared catalysts, the most active catalyst (expo-
sure time of 30 s to the Zn precursor and one ALD cycle) was more se-
lective toward carbon monoxide (96 mmolCO gCu

−1h−1) than toward 
methanol (10.6 mmolCH3OH gCu

−1h−1) at 523 K and 4.0 MPa. However, for 
that particular ZnO/Cu/SiO2 catalyst, the areal number density was 
significantly lower than the value that we report in our manuscript (⁓ 
0.6 Zn atoms/nm2, ⁓ 5% ML). 

In general, the data included in Table 4 highlight the good perfor-
mance of the catalysts prepared and tested in the present work for car-
bon dioxide hydrogenation to methanol. It is worth mentioning that this 
level of activity was achieved with relatively low Cu and Zn metal 
loadings (⁓1–2 wt%) which led to considerably high methanol pro-
duction rates when they were expressed per gram of copper. This range 
of metal contents seemed to be relatively efficient to achieve a good and 
even distribution of both copper and zinc and to produce a significant 
amount of active ZnO-Cu sites. As a future challenge, it would be worth 
investigating whether it is viable to obtain similar methanol production 
rates per gram of copper with higher metal contents. In this context, 
atomic layer deposition (ALD) can be an outstanding synthesis method 
for the scale up of catalysts toward higher metal loadings. 

4. Conclusions 

Tuning the interaction of zinc and copper must be considered an 
important parameter to control the catalytic performance toward 
methanol formation. In this work, by alternating the order in which 
metal (copper) and promoter (zinc) were added to the catalyst, a series 
of catalysts with various metal-promoter-support configurations were 
synthesized. The order in which the zinc promoter was introduced onto 
the catalyst by atomic layer deposition (ALD) compared to the active 
copper metal by impregnation affected the catalytic activity. Zinc ALD 
after copper impregnation (zinc-on-copper) yielded higher CO2 con-
version and methanol production rates than copper-on-zinc, although 
the overall copper and zinc loadings were similar. Advantageously, 
unlike the other catalysts, the zinc-on-copper zirconia catalyst (Zn/Cu/ 
Zr sample) did not produce any methane with high methanol production 
rates under the tested operating conditions. 

Infrared studies of cyclic adsorption of CO2 and H2 revealed that zinc 
ALD on impregnated copper accumulated carbonates and bicarbonates 
(CO3

2-, HCO3
- ) exceptionally well during the carbon dioxide feed and 

transformed them into formate species (*HCOO) during the hydrogen 
feed. Together with the higher CO2 conversion and methanol production 
rate achieved with the Zn/Cu/Zr sample, this suggests that the catalytic 
activity to some extent relies on the ability of the catalyst to transform 
carbonates to formates. The DFT calculations accurately predicted the 
band position for formate species on different model surfaces (i.e, ZnO/ 
ZrO2, Cu(111) and Cu(110)) compared to the experimental bands 
observed by DRIFTS. The formate pathway was the favored mechanistic 
route of carbon dioxide hydrogenation to methanol under the selected 
experimental conditions. In addition, the CO2 temperature programmed 
desorption analyses showed the great capacity of the zinc-copper on 
zirconia catalyst for the adsorption of CO2. When evaluating the mole-
cules of CO2 adsorbed per atom of zinc, the zinc-on-copper configuration 
adsorbed more CO2 molecules than the copper-on-zinc configuration 
(0.67 versus 0.45 molecules CO2 per zinc atom). Additionally, according 
to TPR studies, the zinc deposited after copper impregnation improved 
the homogeneity of copper oxide species and the reducibility of the bulk 
CuO. 

Overall, this work provides insight into the significance of the zinc 
oxide/copper/zirconia interactions for selective hydrogenation of car-
bon dioxide to methanol and highlights the potential of atomic layer 
deposition (ALD) in the synthesis of atomically dispersed metal catalysts 
for an efficient methanol synthesis. 
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Table 4 
Summary table comparing the areal number density (Zn atoms nm−1), % monolayer of ZnO, experimental conditions (pressure and temperature), CO2 conversion, 
methanol selectivity and space-time yield of methanol (mmolCH3OH gCu

−1h−1) of the Zn-Cu-containing samples presented in this work and other literature values for 
similar studies. A H2/CO2 molar ratio of approximately 3 was used in all the studies reported in this table.  

Catalyst Synthesis method 
Areal number density, Zn 
atoms nm−1 

% of monolayer (ML) 
of ZnO 

P, 
MPa T, K 

XCO2, 
% 

SCH3OH, 
% 

STY, mmolCH3OH 

gCu
−1h−1 Ref. 

Zn/Zr sample ALD 1.9 16% 3.0 
500 
550 

1.2% 
2.8% 

48.5% 
51% n.a. 

Present 
work 

Cu/Zr sample IWI n.a. n.a. 3.0 500 
550 

1.2% 
3.5% 

55% 
35% 

37 
115 

Present 
work 

Cu/Zn/Zr 
sample 

ALD 1.6 14% 3.0 500 
550 

2.4% 
3.9% 

68% 
49% 

107 
241 

Present 
work 

Zn/Cu/Zr 
sample ALD 1.5 13% 3.0 

500 
550 

2.7% 
8.7% 

71% 
28.5% 

165 
340 

Present 
work 

Zn/Cu/Zn/Zr 
sample ALD 3.1 27% 3.0 

500 
550 

3.1% 
6.5% 

79% 
45% 

169 
321 

Present 
work 

ZnO/Cu/Al2O3 
PCVD (zinc deposition 
time, 2 h) 

⁓1.2 ⁓10% 3.0 523 ca. 
1.2% 

ca. 65% 56 Saedy et al. 
[48] 

ZnO/Cu/Al2O3 
PCVD (zinc deposition 
time, 9 h) 

⁓4.4 ⁓37% 3.0 523 ca. 
1.3% 

ca. 60% ca. 55 Saedy et al. 
[48] 

ZnO/Cu/SiO2 ALD ⁓0.6 ⁓5% 4.0 523 – 10.1% 10.6 
Gao et al. 
[27]  
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