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es (I. Melián-Cabrera).

1 Authors contributed equally.
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A descriptor of active CuO-ZnO(Al2O3) methanol-synthesis and water–gas-shift catalysts is the presence
of high-temperature carbonates (HT-CO3) in the oxidic catalyst precursor. Previous reports have shown
that such HT-CO3 lead to an appropriate interaction between the oxides; as a result, a high Cu surface
area (or Cu-Zn or Cu/ZnO interphase areas) can be achieved. Yet, their nature is not well understood.
In this study, the nature of these carbonates was investigated by experimental and theoretical methods
in the oxidic precatalyst. A calcined Cu-Zn-Al hydrotalcite model compound revealed to have well-
dispersed ZnO and CuO phases, together with highly stable HT-CO3. It was hypothesized that these
HT-CO3 groups may be placed at critical locations at nano-scale as a glue, thus avoiding the growth of
the oxide crystallites during calcination. This is an excellent pre-condition to achieve a high Cu surface
area (or Cu-Zn or Cu/ZnO interphase areas) upon reduction, and therefore a high activity. To prove that,
first-principles calculations were carried out based on the density functional theory (DFT); alumina was
not considered in the model as the experimental data showed it to be amorphous but it may still have an
effect. Comprehensive calculations provided evidence that such carbonate groups favourably bind the
CuO and ZnO together at the interface, rather than being isolated on the individual oxide surfaces. The
results strongly suggest that the HT-CO3 groups are part of the structure, in the calcined precatalyst,
where they would prevent thermal sintering through a bonding mechanism between CuO and ZnO par-
ticles, which is a novel interpretation of this important catalyst descriptor.
� 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Copper not only plays a significant role in synthetic catalysis,
but is also essential for life, with a number of proteins and enzymes
containing Cu [1]. In organic synthesis, copper compounds have
been used as catalysts for reactions such as amination and ether
formation from aryl halides and related compounds, aziridination
of olefins, ‘‘click-chemistry”, hydrosilylation reactions, and addi-
tions to carbonyl and a,b-unsaturated carbonyl compounds [2].
In heterogeneous catalysis, Cu in combination with ZnO has been
crucial in industrial processes such as methanol synthesis [3–12],
the low-temperature water gas shift reaction [11,13], H2 produc-
tion [14], and hydrogenation of various types of organic com-
pounds [15,16]. These catalysts have become of interest again, in
view of contemporary efforts to convert CO2 into chemicals/fuels,
in combination with H2 from renewable sources [17,18]. Alumina
is usually added to CuO-ZnO to enhance the catalyst stability by
preventing the sintering of the Cu crystallites[19], although it has
been shown that this affects the ZnO as well [8] (here, a clear pro-
moting effect of Al on the methanol yield was proven).

The synthesis of these catalysts is normally carried out by co-
precipitation, which generates well-defined mixed metal com-
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pounds, denoted as hydroxycarbonates and hydrotalcites. Calcina-
tion of these compounds allows the formation of inter-dispersed
CuO-ZnO or CuO-ZnO(Al2O3) phases. The reductive activation of
the calcined precursors produces catalysts with a high metal cop-
per surface area, Cu-Zn or Cu/ZnO interphase areas, which are
descriptors of the methanol synthesis reaction with CO or CO2, or
both. The role of ZnO has been extensively investigated, as it acts
as a spacer between the Cu crystallites, to maximize the metallic
surface area. It also participates in the active site model, as a Cu-
Zn alloy [10,20,21], or provides interfacial synergy as Cu/ZnO
[17,18] where the pre-reduced Zn is oxidized under reaction in
the vicinity of Cu, as ZnO [17] or Zn-formate [18]. ZnO is also
important for stability purposes since it acts as sulphur scavenger
to protect the Cu crystallites; this happens at the top of the reactor
bed if there is no guard bed or one that fails [22]. The main chal-
lenge for this system in the methanol synthesis from CO2 is that
this reaction produces H2O, and H2O leads to catalyst deactivation.
At high conversion, a volcano-type behaviour can be observed for
the dependence of methanol formation on the CO:CO2 ratio in
the feed gas demonstrating the inhibition by water [23,24]. In
terms of stability, water can possibly be involved by damaging
the synergistic Cu-ZnO interaction by inducing sintering of these
catalyst domains [25–27]. Sintering leads to the segregation of
Cu and ZnO, thereby suppressing the strong metal-support interac-
tion effect. This is a key area for further improvement, although it
is outside the scope of this paper.

Although the CuO-ZnO(Al2O3) system has been used industri-
ally for many decades, more recent and significant further aca-
demic progress has revealed that the topic still faces important
challenges. For instance, attractive synthetic approaches have been
developed with various practical goals, e.g. continuous synthesis
using a micro-mixer [28], use of supercritical fluids [9,11,29], low-
ering the amount of wastewater [30], lessening the detrimental
effect of Na with alternative hydroxycarbonates [29], a new class
of Cu/ZnO derived catalysts from novel synthetic routes
[9,11,29,31], improved stability by controlling Cu sintering using
model systems [32], and understanding the reductive activation
[33,34]. As such, understanding the catalyst synthesis and its struc-
ture at the various steps (i.e., calcination, activation, and reaction)
is still a highly active research area aimed at improving this catal-
ysed processes. It is well-known that the final Cu dispersion or Cu-
based active sites are the consequence of the full experimental tra-
jectory from the hydroxycarbonate/hydrotalcite structure, calcina-
tion, and reduction conditions. This study focuses on the
intermediate calcined material, also denoted as precatalyst.

One important descriptor that predicts how good a CuO-ZnO
(Al2O3) catalyst is, is the presence of ‘high-temperature carbonates’
(HT-CO3), which can be detected by thermo-gravimetric analysis of
the starting hydroxycarbonate [35,36]. Millar et al. [36] originally
proposed that carbonate-modified oxides may lead to extra stabi-
lization of both small copper oxide and zinc oxide particles. HT-
CO3 have been confirmed by independent groups to be beneficial
in catalysed reactions; methanol synthesis and water gas shift
reactions [5,11,28,29,37,38]. The role of these species has also been
discussed in characterization studies [33,39,40]. Such carbonate
groups come from particular hydroxycarbonate/hydrotalcite com-
pounds whose carbonate decomposition occurs at high tempera-
tures (ca. 450–600 �C) and they remain in the structure after the
typically-applied calcination at 300–400 �C. The latter temperature
window is used to avoid the sintering of the CuO-ZnO(Al2O3)
phases, and therefore circumvents the occurrence of a low Cu sur-
face area, or less active sites, in the reduced state before reaction.

These residual carbonates are believed to have a positive stabi-
lization effect during calcination, which avoid or reduce sintering
of the oxidic phases but also during the CuO reduction. Having sin-
tering in the oxide or metal formation will result in a low copper
407
surface area (or Cu-Zn or Cu-ZnO interphase areas) and low(er)
activity or stability; note that generally the specific Cu surface area
alone does not adequately account for the catalytic activity, since
methanol synthesis over Cu-based catalysts has been identified
to be a structure-sensitive reaction as exemplified above with var-
ious models[10,17,18,20,21]. By studying the microstructural
properties of Cu-Zn hydroxycarbonates, Bems et al. [39] proposed
that these HT-CO3 may serve as a growth inhibitor for the oxide
crystallites. Additional studies have shown that these HT-CO3 are
not exclusive to synthetic materials, as they are also found in nat-
ural Cu-Zn minerals [40]. It has also been proposed that such car-
bonates (detected in binary Cu-Zn hydroxycarbonates) are trapped
at the CuO-ZnO interfaces, where they provide stable grain bound-
aries [40]. These findings also imply that these groups act as
growth inhibitors of the oxides during sintering, as suggested by
Bems et al. [39]. An interesting observation was reported by Kühl
et al. [37], who attributed the stabilizing effect of such HT-CO3 to
the material’s texture, since the surface area between the hydrotal-
cite (89 m2/g) and the HT-CO3-containing calcined material hardly
changed (81 m2/g). The surface area was only lowered upon
removal of the carbonates at 700 �C (38 m2/g). In terms of catalysis,
such HT-CO3 groups play a role in the intrinsic activity, as clearly
shown by Schur et al. [28], but also in the stability, as clearly pro-
ven by Schumann et al. [38]. The latter reported that the HT-CO3-
free catalyst deactivated quite fast compared to the HT-CO3-
containing catalysts. But they also found that the type of carbonate
was crucial; catalysts containing free non-coordinating carbonates
(deduced from IR analysis) deactivate faster than catalysts containing
coordinating carbonates (in the calcined catalysts). As far as the
reduced catalysts are concerned, the HT-CO3 are able to slow down
the reduction of CuO; this took place at higher temperatures when
the HT-CO3 species were present, hence providing some sort of stabil-
isation[41]. High-resolution TEM on reduced Cu/ZnO:Al catalysts evi-
denced phase separation tendencies between Cu and ZnO when HT-
CO3 was absent [33]. Despite the clear evidence of the importance of
these species in catalyst activity and/or stability, there is hardly any
information in the literature on the molecular structure, particularly
how they bind the oxide domains to prevent or reduce sintering.

In this work, we have investigated the nature of these HT-CO3

using a well-defined structure, a Cu-Zn-Al hydrotalcite, with sup-
porting first-principles calculations. Experimentally, the aim was
to study in more detail the nature of the HT-CO3 by means of
XRD, thermal methods, IR spectroscopy and a thermo-kinetic
study. With that experimental information, we found that the
structure after calcination is an oxy-carbonate, where the carbon-
ate groups are stable and may take part in the structure due to the
high decomposition temperature, high activation energy during its
decomposition and IR spectrum showing strongly coordinating and
asymmetric carbonates. Calculations based on the density func-
tional theory (DFT) on model systems support the hypothesis that
such HT-CO3 act as a growth inhibitor by holding the CuO and ZnO
domains together. The role of the Al2O3 was not considered in the
DFT model as the experimental data showed it to be amorphous,
but it could have an additional impact during the calcination
(and by extension in the reduction, not studied here). This study
provides a novel molecular interpretation of these crucial species
in the calcined precatalyst.
2. Methods

2.1. Experimental methods

2.1.1. Chemicals
The following analytical-grade chemicals were employed for

the synthesis of the hydrotalcite: Cu(NO3)2�3H2O, 99.5% Merck;
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Zn(NO3)2�6H2O, 99.0% J.T. Baker; Al(NO3)3�9H2O, 98.5% Merck; Na2-
CO3 (99.5%) and NaOH (99.0%) were acquired from J.T. Baker.

2.1.2. Synthesis of the hydrotalcite
The Cu-Zn-Al hydrotalcite-like compound, (Cu,Zn)6Al2(OH)16

CO3�4H2O, was prepared at pH = 9 using a mixture of NaOH/Na2-
CO3. A solution containing the metal nitrates (Cu2+ + Zn2+ + Al3+

= 1.0 M) was continuously added into a Na2CO3 aqueous solution
(Al3+/CO3

2� = 2), initially placed in the reaction vessel. The mixture
was kept at constant pH (ca. 9.0) by drop-wise addition of a NaOH
aqueous solution (2.0 M), using a pH Stato� set-up. The tempera-
ture was kept at 70 �C and the suspension was magnetically stirred
at 750 rpm. The final suspension was aged for 24 h under a milder
stirring (300 rpm) at the synthesis temperature. The precipitate
was filtered and repeatedly washed with distilled water to remove
residual sodium. The nominal molar composition of the hydrotal-
cite was Cu:Zn:Al = 25:50:25.

2.1.3. Thermal activation
The precursor was calcined in a shallow-bed configuration

under static air at 350 �C for 4 h at a heating rate of 2 �C/min.

2.1.4. Elemental analysis
The chemical composition of the elements copper, zinc, alu-

minum and sodium of the calcined material was determined by
ICP-OES technique using a Perkin Elmer Optima 4300DV spectrom-
eter. The solid sample was previously digested in concentrated
HNO3 and diluted afterwards in water to operate within the cali-
bration curve. The experimental error was less than 3% relative.

2.1.5. Thermal analysis
Thermogravimetric analysis (TGA) was carried out in a TGA/

SDTA851e Mettler-Toledo analyzer. The sample holder (70 lL a-
Al2O3) was loaded with 15–35 mg of material, and the weight loss
was monitored in a flow of synthetic air of 100 ml/min (STP). The
temperature was increased from 30 to 800 �C at various heating
rates. The sample pattern was corrected with a blank curve, using
an empty sample holder. The activation energies were determined
by two methods. The Ozawa-Flynn-Wall model [42] is given by
equation (1):

d logbið Þ
d 1=TXð Þ � �0:4567

EACT

R

� �
ð1Þ

where bi is the heating rate (K/min) and TX is the temperature in
Kelvin at iso-conversion. Therefore, the plot of log(bi) versus 1/TX
gives the value of the activation energy from the slope. This calcu-
lation was done at various conversions and an average value was
reported for each step. The Kissinger model [42] is given by equa-
tion (2):

dln bi
T2M

� �
d 1=TMð Þ ¼ -

EACT

R

� �
ð2Þ

where bi is the heating rate (K/min) and TM is the temperature
in Kelvin of the maxima for each decomposition step in the DTGA
pattern, for each heating rate. Therefore, the Kissinger method is
applied to individual and well-resolved peaks in the DTGA. The
activation energy is derived from the slope of the representation

of ln bi
T2M

� �
versus 1/TM.

2.1.6. Analysis of the gaseous products during thermal decomposition
Analysis of the evolved gases during the thermal decomposition

was performed by mass spectrometry (EGA-ms) in a home-made
fixed-bed reactor (4 mm ID) set-up using a ca. 21 vol% O2/helium
mixture as carrier gas (ca. 45 ml/min STP), equipped with a Pfeiffer
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quadrupole mass spectrometer. The temperature was increased
from 30 to 800 �C at 10 �C/min while the composition of gases
was analyzed. The samples were diluted with SiC to improve heat
transfer in the bed. The fragments m/z = 18 (H2O) and m/z = 44
(CO2) were analysed.

2.1.7. IR analysis
FTIR spectra (DRIFT, diffuse reflectance infrared Fourier trans-

form spectroscopy) of the hydrotalcite and calcined counterpart
were collected on a Nicolet Magna 860 spectrometer, equipped
with a DTGS detector and a Praying MantisTM Harrick DRIFT cell
[43]. The spectra were acquired by co-addition of 256 scans with
a resolution of 4 cm�1. The material (ca. 30 mg) was loaded in
the sample holder and, after closing the dome, dry air was passed
over the sample for a prolonged time to remove moisture present
in the cell. The spectrum of the hydrotalcite was taken at 30 �C
(after drying it at 100 �C for 2 h to stabilize the water level; if this
step is not done, the stabilization requires a much longer period.
The calcined sample’s spectrumwas taken at 30 �C after being trea-
ted in air at 350 �C for 3 h using a heating rate of 10 �C/min. A
DRIFT spectrum of an in situ dried KBr (Aldrich, FTIR grade) was
used as background.

2.1.8. XRD diffraction
XRD patterns of the starting hydrotalcite and calcined counter-

part were measured in a Bruker-Nonius D-5005 diffractometer
equipped with a graphite monochromator. A CoKa X-ray source
was used, and data were collected in the range of 7 to 85 (2h,
degree) with a step size of 0.02� (2h) and a counting time of 2 s
(step mode). The angle coordinate was corrected mathematically
into the CuKa scale. The JCPDS database was used for the identifi-
cation of the crystalline phases.

2.1.9. temperature-programmed H2 reduction
The temperature-programmed H2 reduction profile was carried

out according to the procedure and equipment described earlier by
Solsona et al. [44].

2.2. Computational methods

Density functional theory (DFT) calculations were performed
using the all-electron (AE) code CRYSTAL17 [45–48]. The global
B3LYP hybrid functional [49,50] was employed together with basis
sets based on Gaussian-type orbitals (GTOs), for which the follow-
ing were employed: Zn constructed and optimized by Jaffe et al.
[51,52], Cu from Doll et al. [53], O by Valenzano et al. [54], Na from
Dovesi et al. [55] and for C the 6-21G* from Dovesi et al. [56] In
structural optimizations, both the atomic positions and the lattice
constants were fully optimized within the constraints imposed by
the space group symmetry. The reciprocal space was sampled
using 9x9x7 and 5x13x5 Monkhorst-Pack type k-point grids for
ZnO bulk and CuO bulk, respectively [57]. For the evaluation of
the Coulomb and exchange integrals, the tolerance factor values
of 8, 8, 8, 8, and 16 were used (TOLINTEG). Long range dispersion
corrections were included using the semiempirical D3 approach
of Grimme et al. with Becke-Johnson damping [58–60]. Band struc-
ture calculations were performed on optimized geometries along
high-symmetry directions obtained using the SeeK-path interface
[61,62]. Graphical drawings were produced using Ovito [63].

The surfaces (and interfaces) were modelled as a two-
dimensional slab, and no three-dimensional periodicity was
imposed. This means that there is no parameter for the vacuum
thickness needed. To characterise the surface, the surface energy
(c) as a measure of the thermodynamic stability has been calcu-
lated through the following expression:
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c ¼ E nð Þ � n � Ebulk

2 � A ð3Þ

where E nð Þ is the energy of the slab containing n-layers, Ebulk the
energy of the bulk, and A the area of the slab. The computed surface
energies were obtained from standard DFT conditions, i.e., nomi-
nally zero Kelvin and ambient pressure without further thermody-
namical consideration.

The binding energy (or adsorption energy) of the chosen adsor-
bates (Eb) was calculated from the fully relaxed geometries,
through the following expression:

Eb ¼ Eslabþads � Eslab þ Eadsð Þ ð4Þ
where Eslabþads is the total energy of the slab interacting with the

absorbate, while Eslab and Eads denote the total energies of the pris-
tine surface and isolated adsorbate, respectively. Within this defi-
nition of the binding energy, a negative value represents a
favourable exothermic process, while a positive energy corre-
sponds to an endothermic process. When using atomic-centred
localised basis sets, the binding energy is affected by the basis
set superposition error (BSSE), which corresponds to an artificial
increase (spurious extra-binding that mimics the dispersion
energy) in the computed binding energy, because the basis set of
the final system is larger than that of the component subsystems.
One way to estimate the BSSE is using the counterpoise (CP)
method, where one recalculates Eslab and Eads by supplementing
the basis set of each sub-system with all the basis functions of
the other without their electrons and nuclei (referred to as ‘‘ghost
functions”). The BSSE is a positive quantity and equals to:

BSSE ¼ Eadsjsystem � EG
adsjsystem

� �
þ Eslabjsystem þ EG

slabjsystem
� �

ð5Þ

where EG
adsjsystem and EG

slabjsystem denote the energies of the adsor-
bate and surface calculated, respectively, in the presence of the
‘‘ghosted atoms” of the surface and of the adsorbate (i.e., including
the extra basis set of the surface or the adsorbate). Taking into
account the BSSE, the CP-corrected binding energy (ECP

b ) reads
[64,65]:

ECP
b ¼ Eb þ BSSE ð6Þ
Interface structures were produced using pymatgen [66–68],

where the Zur and McGill lattice matching algorithm is employed
[69]. The focus of this study is not on epitaxial interfaces, but
rather the behaviour of the adsorbate between the layers. How-
ever, a suitable interface was chosen with ZnO acting as a film
on top of a CuO substrate for the smallest possible lattice strain
(5.8%) and area, resulting in a tractable simulation cell.

Transition state optimizations have been performed using the
distinguished reaction coordinate (DRC) method, where one degree
of freedom, called the distinguished coordinate, is chosen and kept
fixed at a sequence of values that are representative of the reaction
path, while other coordinates are relaxed for each of these values.
Initially, a preliminary exploration of the potential energy hyper-
surface is performed by scanning along a selected valence internal
coordinate using the valence redundant scheme [70]. The
maximum-energy geometry along the path is then taken as the ini-
tial guess for the saddle-point search, as implemented in the DRC
algorithm in CRYSTAL [71–73].

The specific adhesion energy (b), a measure of the gained
energy once the interface boundary between two surfaces (S1
and S2) is formed, is given by:

bS1=S2 ¼ ES1 þ Es2 � ES1=S2

A
ð7Þ

where ES1 and ES2 are total energies of the respective slabs and
ES1=S2 is the final interface energy. Similarly, to the case of the com-
409
puted binding energy, the adhesion energy is corrected for the
BSSE by using the counterpoise method, yielding bCP

S1=S2. Further-
more, the adhesion energy for the interface containing adsorbed
carbonate species is an average quantity representing the energy
gain once the two interfaces between three surfaces are formed,
then expressed as:

bS1=CO3=S2 ¼ ES1 þ ES2 þ n � ECO3 � ES1=CO3=S2

2A
ð8Þ

where ECO3 is the total energy of the respective carbonate mole-
cule, n the number of carbonate molecules present in the system,
and ES1=CO3=S2 the total energy of the interface containing the
carbonates.

Vibrational harmonic frequencies were calculated at the C-
point and the corresponding infrared intensities for each normal
mode obtained by computing the dipole moment variation along
the normal mode evaluated through a Berry phase approach
[47,48].
3. Results

3.1. Cu-Zn-Al hydrotalcite as model compound to obtain experimental
insights

The general formula of hydrotalcite corresponds to a layered
double hydroxide, given as [M2+

1-xM3+
x (OH)2]x+[An�

x/n]x��mH2O, where
M2+ is a divalent cation, M3+ is a trivalent cation and An� is the anion,
typically CO3

2� if a carbonate is employed in their synthesis [74,75].
Hydrotalcites are usually studied as inorganic base catalysts [76,77].
On some occasions, the synthesis of a hydrotalcite is not aimed at
producing a base catalyst itself but to achieve a high metal inter-
dispersion that cannot be obtained by other methods. In that situa-
tion, a hydrotalcite provides a good metal oxide inter-dispersion
after calcination, leading to minimal sintering, as found, for instance,
in the case of the Cu-Zn-Al mixed oxide catalysts derived from
hydrotalcites [37,78–81], that are employed for methanol synthesis
and other applications. The benefit of a hydrotalcite for this study
is the simpler IR spectrum to assess changes upon calcination. These
are less obvious or undiscernible with Cu-Zn hydroxycarbonates. For
instance, another model system could be aurichalcite. However, the
IR interpretation is not helpful to show the HT-CO3 coordination/in-
sertion upon calcination. The hydrotalcite provides a more complete
picture.

The Cu-Zn-Al hydrotalcite was synthesized by coprecipitation
using metal nitrates and Na2CO3/NaOH as a precipitating agent at
constant pH. The XRD pattern (Fig. 1A) shows the hydrotalcite
structure (JCPDS 38–487) [79,82] as the sole crystalline phase with
well-defined reflections. Note that an internal standard was used
(a highly-crystalline silicon powder) for calibration purposes.
Therefore, the reflections from Si are also visible. The elemental
composition of the hydrotalcite (Table S1) is in agreement with
the nominal molar composition with Cu:Zn = 0.49 and (Cu + Zn)/
Al = 3.22. The latter is slightly higher than the nominal quantity,
i.e., 3, which may be due to a deficiency in Al or an excess in
(Cu + Zn), or both. Inspection of the individual molar composition
shows a ratio of Cu:Zn:Al = 25.2:51.1:23.7 for nominal values of
25:50:25. Indeed, both situations occur; the Zn content is slightly
higher and the Al is slightly smaller than the nominal values, which
may be related to differences in the crystallization water content of
the commercial hydrated nitrates employed in the synthesis.

The as-synthesized hydrotalcite was further characterized by
FTIR where the main reflections have been highlighted (Fig. 2A).
The band at 3500 cm�1 arises from the OH stretching mode from
structural hydroxyl groups, water molecules in the interlayer zone,
and loosely physisorbed free water on the external surface [75,83].
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Fig. 1. XRD patterns of the as-synthesized Cu-Zn-Al hydrotalcite (A) and calcined
hydrotalcite (B), including an amplification for the latter. Bottom) JCPDS files for
reference materials (HT for hydrotalcite; silicon, CuO and ZnO). Si powder used as
an internal standard. Figure S1 shows additional information about the CuO
identification.

(B)

(A)

Fig. 2. In situ DRIFT spectra of the as-synthesized hydrotalcite, dried at 100 �C (A)
and after synthetic air treatment at 350 �C (B).
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The band at 3080 cm�1 is distinctive of hydrotalcite material,
owing to the hydrogen bonding between the water molecules
and the CO3

2� groups present in the interlayer region [74]. The
H–O–H bending can be seen at 1661 cm�1 (physisorbed water)
[75] and 1746 cm�1 (interlayer water) [84]. Relevant carbonate
vibrations are observed in the range 1400–1550 cm�1, correspond-
ing to the m3 mode (asymmetric stretching of the CO3

2� anions) at
1415 cm�1. The band at 1524 cm�1 comes from the loss of symme-
try of the m3 mode due to removal of interlayer water and rear-
rangement of the carbonates either as mono- or bidentate
coordination, between carbonates and structural hydroxyl groups
[83–85]. However, since the band at 1746 cm�1 is present, the
material has lost only part of the interlayer water, leading to a
moderate splitting of the m3 mode. The partial interlayer dehydra-
tion originates from the mild drying that was applied prior to the
IR recording, to minimize the water level in the mass spectrometer
chamber. Melián-Cabrera et al. [83]. showed a more pronounced
splitting, i.e., a more pronounced 1524 cm�1 band, at 150 �C due
to the complete removal of the interlayer water.

The above experimental characterization shows that a well-
defined Cu-Zn-Al hydrotalcite structure was formed.

Hydrotalcites are often activated, i.e., forming the correspond-
ing oxide phases, by a thermal treatment in air where they undergo
various decomposition processes. The thermal decomposition was
studied by thermo-gravimetric analysis (TGA) combined with
evolved gas analysis (EGA). The profiles are plotted in Fig. 3A,
including the differential TGA (DTGA) to visualize better the
decomposition steps. By comparing the DTGA profiles with the
m/z fragments for H2O and CO2, there is very good agreement
between both techniques, since the DTGA profiles mirror the m/z
traces (i.e., the addition of both CO2 and H2O curves). The hydrotal-
cite decomposes in four steps (DTGA). The first step (denoted as a),
with a maximum at ca. 150 �C, is principally due to the removal of
the interlayer water (physisorbed free water on the external sur-
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face can also be present). This step was assigned in the literature
considering that the interlayer space decreases, and such a reduc-
tion is associated with the loss of inter-lamellar water [86,87]. A
second water-release process takes place between 200 and
350 �C (denoted as b) due to the removal of the structural OH
groups [75]. It is evident that the only possible water release
should come from the OH condensation, which has been confirmed
by inspecting the water release of various hydroxides [88,89]. It
was shown elsewhere that the dehydroxylation takes place in var-
ious stages [90], and we have therefore assigned a temperature
range for such a b process. The CO3

2� decomposition takes place
in three stages. The first one starts at ca. 300 �C and is simultane-
ous with the dehydroxylation, whereas the other two take place
above 550 �C (c and d, Fig. 3A). The presence of these high-
temperature CO3

2� (HT-CO3) is a special feature compared to the
conventional Mg-Al hydrotalcite, whose carbonates decompose at
lower temperature (350–450 �C) [87–89]. These high-
temperature carbonates have also been observed for Cu-Zn-Al
hydrotalcites with a higher Cu content than ours, with decomposi-
tion peaks centred at ca. 616 �C [37], ca. 590 �C [91], between 550
and 625 �C [80] and ca. 510 �C [83]. Note that the decomposition
temperature (peak position) depends on the experimental condi-
tions. A comparison of the decomposition temperatures under
equal conditions (i.e., using air and equal heating rate), including
this work, reveals that the HT-CO3 in hydrotalcites are in general
more stable compared to binary (Cu-Zn) hydroxycarbonates
[38,39,83], though in some cases they come close.

3.2. Structural features of the calcined Cu-Zn-Al hydrotalcite

The hydrotalcite was activated by calcination in air at 350 �C
after which the structural features were assessed. The XRD pattern
(Fig. 1B) shows broad reflections due to ZnO (JCPDS 36–1451),
while CuO (JCPDS 80–1268) could be inferred in the shoulders of
the broad ZnO reflections, where CuO reflections seem to be
masked by the ZnO. Additional information about the CuO identi-
fication by XRD can be found in Figure S1 using reference materi-
als. Note that Cu(II) can be present as CuO but also, in part, as
oxycarbonate (as can Zn(II)). The Cu(II) concentration is lower than
Zn(II), but the CuO concentration could be even lower due to the



Fig. 3. A) Thermal decomposition of the Cu-Zn-Al hydrotalcite in synthetic air: top) TGA and DTGA profiles; bottom) EGA profiles for H2O (m/z = 18) and CO2 (m/z = 44)
fragments. B) Top) TGA and bottom) DTGA patterns for the Cu-Zn-Al hydrotalcite decomposition in air at different heating rates used to derive data for the model fittings in
Fig. 4. The inset in the top graph represents the amplification of the 225–350 �C region to show the trend; the shift into higher temperatures due to the heating rate’s increase.
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oxycarbonate, which could explain the weak CuO signals in the
XRD. For the sake of clarity, CuO species were additionally charac-
terised and can be seen in the H2-TPR profile (Figure S2). No Al-
based phases were detected by XRD and Al2O3 is thus present as
an amorphous phase. Broad reflections in this material indicate
that the sample is formed by low-crystalline and well-dispersed
CuO and ZnO phases (and amorphous alumina); the metal cations
were randomly distributed in the brucite layers before calcination,
hence providing a good interdispersion of the final oxide phases.
The amorphous alumina, with a composition of ca. 17 wt% (as
Al2O3), can play a role to avoid sintering of the CuO and ZnO oxides,
though its effect has been reported for the reduced catalysts[19].
Moreover, HT-CO3 can avoid the sintering of the CuO and ZnO
phases as well (discussed later in more detail). Both aspects would
promote broad XRD reflections. Importantly, in support of the HT-
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CO3, Behrens et al.[80] observed during the calcination of a Cu-Zn-
Al hydrotalcite that the CuO crystallinity suddenly increased after
removing the HT-CO3, which indirectly proves the stabilization
effect of the HT-CO3 species.

The IR spectrum of the calcined material shows a splitting of the
CO3

2� m3 mode (Fig. 2B). Since at the calcination temperature nearly
all (if not all) hydroxyls have been decomposed (Fig. 3A), the split-
ting of the m3 mode is due to the coordination of the CO3

2� with the
metal centres, thereby breaking its symmetry; i.e., it is interpreted
as free carbonates in a Mg-Al hydrotalcite changing their coordina-
tion upon thermal treatment [83–85,87,89]. Elsewhere, the split-
ting has also been interpreted in other system as the insertion of
oxygens from carbonates into the brucite layer of a thermally trea-
ted hydrotalcite, which conclusion was drawn by comparing the IR
spectrum with that of dawsonite (NaAl(OH)2CO3), and the splitting
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is the result of the lack of symmetry induced by the local environ-
ment [92]. The band at 877 cm�1 (946 cm�1 in the hydrotalcite)
can be ascribed to Al-OH deformation [93]. The presence of the
m3 splitting and its splitting value (Dm3 = 139 cm�1) implies that
the carbonates are strongly bonded (monodentate) to the metal
cations [38,94].

There is a further band, m1 mode (symmetrical stretching) at
1076 cm�1. This vibrational mode is inactive when the CO3

2� ion
holds its full symmetry [95,96]. Therefore, its activation is evidence
of a loss of symmetry of the carbonate groups. From literature
observations, the m1 mode in hydrotalcites becomes visible when
the CO3

2� loses symmetry following a rearrangement in the inter-
layer space, where the CO3

2� coordinate metal centres in the inter-
layer space [83–85], or when the CO3

2� groups have inserted
oxygens into the brucite-like layer upon partial dehydroxylation
[92]. In these cases, the structures were still layered which helps
to understand that the CO3

2� symmetry is not significantly lost,
which explains why the m1 band intensity is weak. However, Kan-
nan et al. [91] reported the IR spectra of Cu-rich hydrotalcite upon
calcination with an intense m1 band development upon heating,
which was ascribed to the reduced symmetry of carbonate groups.
They suggested the formation of an oxycarbonate based on the TGA
data (high decomposition temperature of the HT-CO3) and m3 IR
bands, yet the strong m1 activation was not discussed. However,
we think that the m1 activation is another proof for the oxycarbon-
ate formation. A weak m1 band has been reported for aurichalcite
upon calcination (possessing strongly coordinating carbonates;
also visible in the native aurichalcite), whereas this was absent
in the calcined zincian malachite (with non-coordinating free car-
bonates) [38]. In our system, the m1 band is very intense and indi-
cates that the symmetry loss of the CO3

2� groups is more severe and
hence may be taking part in a more stable structure, than the cor-
responding from aurichalcite. Further evidence of the m1 activation
can be found in the structure of the hydroxycarbonate malachite
[Cu2(CO3)(OH)2] [40,97,98], which contains structural carbonates
that connect wavy layers in the (101) planes. The IR spectrum of
malachite was resolved by Schmidt and Lutz [99] employing Cu2(-
OD)2CO3 to avoid the strong OH deformation bands; the m1 was
active and located at 1085 cm�1, i.e., very close to the value we
observed at 1076 cm�1. As such, it is reasonable to suggest that
the carbonates in the calcined Cu-Zn-Al material are integrated
in the structure where they form an oxycarbonate, a topic that will
be studied by DFT later within a model system.
3.3. Thermo-kinetics of the high-temperature carbonate
decomposition

To understand better the nature of the HT-CO3 in the calcined
Cu-Zn-Al material, in view of the high decomposition temperature
and strong interaction with the oxides as revealed by the m3 split-
ting and active m1 mode, further experimental characterization was
undertaken. For this, we evaluated the activation energy of the
CO3

2� decomposition, and the resulting values were compared to
conventional metal carbonates. The apparent activation energies
(EApp

Act ) were calculated for the well-resolved a, b and c processes
depicted in Fig. 3A, using two methods (Kissinger and Ozawa-
Flynn-Wall) to crosscheck the results. To this end, a series of ther-
mal analyses were carried out at various heating rates and the pat-
terns are shown in Fig. 3B. The corresponding plots of the Kissinger
and Ozawa-Flynn-Wall models are given in Fig. 4A and 4B, and the
values are compiled in Tables S1 and S2. Table 1 provides a sum-
mary of the final results.

In general, there is good agreement between both methods that
give comparable values, with step c showing a more pronounced
difference. The value for this process is very high regardless of
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the method (416 versus 532 kJ/mol), which is crucial for our inter-
pretation, but it is not entirely clear which method provides a more
accurate parameter. In the work of Tarasov et al. [100] a value of
464 kJ/mol can be deduced (reported as E/R = 55.8 � 103 K) for
the activation energy of the high-temperature carbonates in a
Cu-Zn aurichalcite, whilst a zincian malachite displayed a lower
value of 297 kJ/mol. Elsewhere [38], a calcined zincian malachite
and a calcined aurichalcite with the same composition
(Cu/Zn = 80/20, at. and Cu/Zn = 40/60, at.) as in Tarasov et al.
[100] displayed non-coordinating weak carbonates by IR. There-
fore, the activation energy provides a quantitative value of the car-
bonate binding strength. The activation energy for our step c is of
the same order of magnitude as for aurichalcite decomposition,
indicating strong bonding. Also relevant in our case is the compar-
ison between steps b and c. Step b (Fig. 3A) comprises the dehy-
droxylation but also the removal of the less-stable non-metal-
coordinating carbonates [83–85]. This b process has an activation
energy much lower than step c (Table 1), with a value of around
200 kJ/mol, confirming the high stability and binding strength of
the HT-CO3 (step c). Note that step d (also HT-CO3) would also have
a high activation energy, but was not calculated due to the lack of
resolution in the TGA patterns (Fig. 3B). When inspecting the liter-
ature, one can find typical values between 170 and 212 kJ/mol for
the Cu hydroxy-carbonate [101], and between 159 and 280 kJ/mol
for the Zn carbonate [102]. These values are in line with the car-
bonates in step b(194–203 kJ/mol), suggesting that the abnormally
high activation energy for the c process (416–532 kJ/mol) is nei-
ther characteristic of conventional carbonates nor of non-
coordinating carbonates in hydrotalcites or hydroxycarbonates,
as discussed earlier. Such a high energetic barrier can mean that
the HT-CO3 are very stable and likely form strong bonds with the
oxide framework. Note that the apparent activation energy corre-
sponds to the decomposition process, but it is not evident which
step is rate determining, e.g., the local bonds or a physical process
such as diffusion. In thermal solid-state reactions, diffusion of
metal cations or anions can be the rate determining step [103],
but no information is available in the literature on the rate deter-
mining step in our system. In our thermokinetic study, we prelim-
inary ascribe the high apparent activation energy to the strength of
the chemical bonds, based on a comparison made between two
studies using two techniques for aurichalcite and zincian mala-
chite [38,100], showing carbonates with different strengths.

In relation to the bonding preference of the HT-CO3, there is
some complexity on discerning whether they link CuO/ZnO or
the Al(III) phase as well. The activation energy of the HT-CO3 (step
c) has a large uncertainty, ranging from 416 to 532 kJ/mol depend-
ing on the method. While the reported value for a Cu-Zn aurichal-
cite, i.e., free of Al(III), lays between both (464 kJ/mol) [100].
Therefore, the role of Al(III) on the activation energy, and hence
its bonding to the HT-CO3, is not evident. Due to this limitation,
we will later assume that the HT-CO3 are associated to CuO and
ZnO (DFT study). Moreover, the Al(III) phase is amorphous and can-
not be modelled. The amount of HT-CO3 can be deduced from
Fig. 3A and it is 5.2 wt%. Considering the chemical analysis data,
the following quantitative formula can be obtained, M6O5(CO3),
where M is Cu plus Zn, which is comparable to the result from Tar-
asov et al. for a binary hydroxycarbonate [100] with a formula of
M5O4(CO3). Considering that the HT-CO3 links oxide particles at
the interface, this HT-CO3 concentration should be enough to sup-
press sintering.

In summary, the various techniques have shown HT-CO3 being
decomposed at high temperature (very stable), with well-
dispersed CuO and ZnO phases, where the HT-CO3 are strongly
bonded to metal centres after calcination (m3 splitting and its split-
ting value) and likely form part of the structure (m3 splitting and m1
activation). The high stability was verified by a thermo-kinetic



Fig. 4. Plots for the activation energy determination using the Kissinger (A) and Ozawa-Flynn-Wall (B) correlations of a Cu-Zn-Al hydrotalcite decomposition in air for the
three processes (a, b and c), according to the DTGA patterns in Fig. 3B. The Ozawa-Flynn-Wall correlation was applied at three different conversion levels (X). Raw data are
given in Tables S1 and S2, with a summary in Table 1.

Table 1
Summary of the activation energies of the studied decomposition processes.

Process Nature Ozawa-Flynn-
Wall model

Kissinger
model

EApp
Act ðkJ=molÞ a EApp

Act ðkJ=molÞ b

a Interlayer water removal 105 ± 5 97 ± 2
b Dehydroxylation and partial

CO3
2� removal

203 ± 2 194 ± 14

c HT-CO3 decomposition
(first step)

416 ± 9 532 ± 19

a. Full set of data can be found in Table S2.
b. Full set of data can be found in Table S3.
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study, showing very high apparent activation energies compared to
conventional carbonates and non-coordinating carbonates, such as
those in hydrotalcites/ hydroxycarbonates. The calcined material is
an oxycarbonate where such HT-CO3 may have a structural role in
preventing sintering during calcination (and eventually during the
reduction although this is not within the scope of this study). They
can be bonded in two ways, either to a single oxide surface or link-
ing the oxide particles, as e.g. M�CO�M’. In the latter case, the HT-
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CO3 act as a glue by holding together the oxide domains, which
could explain the lack of, or reduced, sintering during calcination
and the broad XRD reflections (Fig. 1B). This hypothesis is schemat-
ically illustrated in Fig. 5. Based on this model, these linking car-
bonate groups would avoid or reduce the sintering of the oxide
domains (Fig. 5B), forming a stable oxycarbonate. This model will
be studied by DFT calculations using various parameters such as
adsorption and adhesion energies, IR activity and CO3 splitting (ac-
tivation energy).
3.4. Background on the DFT studies

In order to obtain molecular level insight into the experimental
findings, calculations based on the density functional theory (DFT)
have been employed. Initially, the bulk and pristine surfaces of ZnO
and CuO were modelled for the subsequent adsorption of carbon-
ates and their incorporation at explicit interfaces. We have consid-
ered an explicit ZnO/CuO interface to assess the stability provided
by additional carbonate groups. This interface is well-known in, for
example, methanol synthesis catalysts and is suitable for this study
as XRD results did not show the presence of any crystalline Al(III)
phase (Fig. 1B).



Fig. 5. Suggested model representing the thermal transformation of a Cu-Zn-Al hydrotalcite (A) into an oxycarbonate (B), including a possible configuration for the CO3
2�

insertion into the framework and linking the oxide particles. This model is later verified by DFT calculations.
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Yet, the Al(III)-species can have an impact on several aspects of
the calcination. Firstly, The HT-CO3 may also be linked to the Al(III)
phase but this is not possible to discern, in comparison with previ-
ous studies on Cu-Zn hydroxycarbonates, as explained in the pre-
vious section. It can also act as an amorphous spacer, avoiding
the sintering of CuO and ZnO. These effects are out of the scope
of the DFT study since amorphous Al2O3 cannot be modelled. For
the sake of completeness, the Al2O3 effect can even be more com-
plex in the reduced catalysts as pointed out elsewhere[8].

Below, the DFT study of the CuO, ZnO and interface will be dis-
cussed systematically.
3.5. Model structures

ZnO was modelled in the wurtzite phase (hexagonal structure,
P63mc space group, nr. 186), which is composed of tetrahedrally
coordinated Zn2+ and O2� ions stacked alternatingly along the c-
axis. The experimental lattice parameters are a = b = 3.25 Å, and
c = 5.21 Å [104], which are reproduced well at a = b = 3.24 Å and
c = 5.21 Å, with the computational setup at B3LYP hybrid func-
tional level. The Kohn-Sham electronic band gap is calculated at
3.31 eV as a direct transition at the C-point, which falls within
the experimental range of 3.25 – 3.4 eV [105,106]. CuO adopts a
monoclinic structure (space group C2/c, nr. 15) with Cu atoms
organized in a square planar coordination arrangement with four
surrounding O atoms, while each of the O atoms is located in the
centre of a Cu distorted tetrahedron [107]. The calculated lattice
parameters and angles are a = 4.67 Å, b = 3.42 Å, c = 5.14 Å, and
b = 99.8� which correspond well to measured lattice parameters
and angles of a = 4.72 Å, b = 3.40 Å, c = 5.04 Å, and b = 99.5� [108].
3.6. Surface adsorption

It is excruciatingly difficult to probe experimentally the exact
composition and atomic arrangement of a heterostructure, and
hence we need to assume a thermodynamically plausible interface
from known examinations. As such, the ZnO (100) and the CuO
(�111) surfaces were chosen to initially study the adsorption of
selected carbonates and to create an explicit interface between
the crystal planes to investigate the behaviour of the carbonate
species therein. There is a clear rational for the choice of these sur-
faces. Together with the (110), (001), and (00�1) planes, the
(100) surface of wurtzite constitutes one of the dominant low-
index surfaces present in ZnO crystals [109]. Polarity plays an
important role in the applications of ZnO surfaces, where the
(001) and (00�1) slabs undergo complex reconstruction to cancel
the inherent dipole present at the unreconstructed surfaces [110].
However, such reconstructed dipolar surfaces are usually less
stable and we have therefore opted to use the non-polar symmetric
ZnO (100) in this study (in the hexagonal notation labelled as the
(10�10) surface). Similarly for cupric oxide, the two most domi-
nant crystal planes present in its morphology are the (111) and
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(�111) surfaces [111], and the latter was chosen for our subse-
quent DFT analysis.

The mixed Zn- and O-terminated surface is the energetically
most favourable (100) surface of ZnO, with a calculated surface
energy of 1.15 J/m2, which is in excellent agreement with SEM
measurements that record a dominance of this surface in ZnO pow-
der particles forming the sides of their hexagonal columns [112], as
well as earlier theoretical works that calculated a surface energy of
1.16 J/m2 [113]. The surface atoms undergo minimal rearrange-
ment, with the top Zn atoms moving towards the surface in com-
pensation for the reduced coordination environment caused by
the missing tetrahedron corner oxygen atom when the surface
was created. This slight relaxation results in a minimal alteration
of the underlying electronic structure, with a calculated band gap
of 3.15 eV, i.e., reduced by 0.15 eV compared to the corresponding
bulk value. The surface energy of the relaxed CuO (�111) surface
is computed at 0.94 J/m2, with the geometry and electronic prop-
erties as documented in earlier work [114].

In order to establish a relevant baseline for subsequent compar-
ison and to gain insight into the energetics of the processes, we ini-
tially adsorbed Na2CO3 and CO3 individually on top of the selected
ZnO (100) and CuO (�111) surfaces. The calculated adsorption
energies of the two carbonate species as they bind to the oxide sur-
faces are reported in Table 2, together with their characteristic
bond lengths. Sodium carbonate adsorbs onto the ZnO (100) sur-
face in such a way that the Na atom binds the most prominent sur-
face O atom, while two of the three O atoms surrounding C bind
individual surface Zn atoms. The relaxed geometry is shown in
Fig. 6A, together with the other structures. The bond distance d
(Zn–ONa2CO3) = 2.00 Å is comparable to the length of the Zn–O bond
in the bulk region of the ZnO (100) slab, which is 1.99 Å. The Na–
OZnO bond distance is measured at 2.18 Å, which is shorter than the
bond length of Na–OCO3 at 2.26 Å. These values together illustrate
the strong binding of Na2CO3 to the ZnO (100) surface, which pro-
cess releases as much as ca. 3 eV (ca. 269 kJ/mol).

The CO3 species binds to ZnO (100) in a similar fashion as Na2-
CO3, with two O atoms binding to two surface Zn atoms with bond
lengths of 1.96 Å and 2.01 Å (Table 2). The remaining O atom of the
carbonate points away from the surface and does not participate
actively in the adsorption process. Since the CO3 species nominally
exists in a �2 charge state, additional electron transfer takes place
from the nearest neighbouring surface O atom to the carbonate ion
for charge balance. This process leaves one hole behind on the sur-
face O atom and one on the non-binding carbonate O, with each
having a spin density (calculated from a Mulliken population anal-
ysis) of DO"�# ¼ 0:8 e�. The resulting C–O carbonate bond is short-
ened by 0.03 – 0.06 Å and the calculated adsorption energy is
reduced by ca. 0.5 eV compared to the adsorption energy of Na2-
CO3, releasing about 251 kJ/mol worth of energy upon CO3

adsorption.
The adsorption of the selected carbonates onto the CuO (�111)

surface is comparable geometrically as well as energetically to the
attachment on the ZnO (100) surface. Na2CO3 binds strongly to the



Table 2
Calculated adsorption energies per molecule of carbonates bound to ZnO(100) and CuO(�111) surfaces as well as in between the ZnO(100)/CuO(�111) interface together with
the length of the transition metal (TM) – carbonate oxygen bond and the carbon –carbonate oxygen specie bond. Values obtained using B3LYP.

System ECP
b (eV) / (kJ/mol) d (TM - OCO3) (Å) d (C-OCO3) (Å)

ZnO(100) + Na2CO3 �3.07 / �269.2 2.00/2.00 1.30/1.32/1.28
ZnO(100) + CO3 �2.60 / �250.8 1.96/2.01 1.27/1.26/1.30
CuO(�111) + Na2CO3 �2.88 / �277.9 2.02/2.07 1.32/1.33/1.25
CuO(�111) + CO3 �2.70 / �260.5 1.97/2.02 1.27/1.27/1.28
ZnO(100)/CuO(�111) + 1 � CO3 �7.02 / �677.3 2.04/2.01/1.95 1.31/1.28/1.26
ZnO(100)/CuO(�111) + 2 � CO3 �6.11 / �589.5 2.03/2.00/1.97 1.31/1.26/1.30
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surface, with the two Na atoms forming a bond to two topmost O
atoms and two of the three carbonate O atoms binding to the 3-
fold coordinatively unsaturated surface Cu atoms. CO3 binds in
an analogous way as on the ZnO (100) surface, with two carbonate
O atoms forming bonds with the most exposed under-coordinated
Cu atoms. The heat of adsorption is similar in both cases (Table 2).

3.7. ZnO/CuO interface formation

An explicit ZnO/CuO interface was constructed by putting in
contact the optimized ZnO (100) and CuO (�111) slabs. The
Fig. 6. Relaxed DFT geometries of: A) ZnO(100) and CuO(�111) surfaces with Na2CO
geometry obtained using the B3LYP exchange–correlation functional; and B) epitaxially
one and two interlayer carbonate molecules per unit cell, respectively.
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lattice parameters were fixed to those of CuO, but the conclusions
hold for the inverse situation just as well (where one would keep
fixed the ZnO parameters). The final structure was more than
2.5 nm thick to reproduce the interface as well as the bulk-like
regions in the employed model. The overall lattice mismatch is
slightly under 6%, which is not negligible but within the experi-
mental formation threshold. The ZnO/CuO hetero-interface struc-
ture after geometry relaxation is shown in Fig. 6B. The under-
coordinated surface oxygen atoms constitute the main connecting
point between the two oxide materials when in contact. After
geometry relaxation, two of the four 3-fold coordinated surface
3 and CO3 molecules adsorbed on top, displaying the atomic positions and lattice
grown ZnO(100) atop of CuO(�111) without interlayer carbonates, and then with



A. Živković, V. Solsona-Delgado, B. van der Linden et al. Journal of Catalysis 425 (2023) 406–421
Cu atoms formed a bond with two O atoms stemming from the ZnO
side at distances of 1.98 Å. The remaining two ZnO surface oxygen
atoms formed bonds with the 4-fold coordinated Cu atoms at dis-
tances of 2.15 Å, indicating a weaker interaction which is expected
since the Cu atom in that configuration exists in a complete square
planar coordination environment. Each Zn atom formed bridging
bonds with two coordinatively unsaturated O atoms at distances
of 1.95 Å and 2.10 Å, which are comparable to the d (Zn–O) = 1.9
7 Å bond length in bulk ZnO.

3.8. CO3 interface binding

Upon CO3 addition at the interface, i.e., within the ZnO (100)
and CuO (�111) contact layer, growth of the two phases is greatly
inhibited as is already noticeable upon visual inspection of the
relaxed structures (middle and right of Fig. 6B). One carbonate
molecule per unit cell is found to be sufficient to supress most
bond formation between the two oxides, while two molecules
per unit cell fully prevent the two oxides from contact and put
them at a minimum distance of 3.3 Å apart. In both cases, the car-
bonate species binds one under-coordinated Cu atom with one O
and two Zn atoms with the remaining two O atoms (Table 2).
The calculated energies to incorporate the carbonate species in this
structure are �7.02 eV and �6.11 eV for structures with one and
two carbonates per unit cell, respectively. Those values identify
the carbonate incorporation between the oxide layers as highly
exothermic and, more importantly, highly probable. Furthermore,
both energies are larger than the sum of individual adsorptions
on the pristine surfaces (which crudely approximate �5.3 eV), elu-
cidating the strong binding and incorporation of the carbonates at
the interface. This finding is in agreement with the high stability of
the interfacial carbonates discussed in the experimental results,
which in addition link both oxide phases.

The calculated adhesion energy between the two oxide phases
is 2.35 J/m2, suggesting good structural compatibility between
ZnO and CuO, and matching the experimentally noted likelihood
of formation of this particular hetero-structure, as well as earlier
ones [115,116]. The adhesion energy per interface of the ZnO/
CuO hetero-structure with one and two carbonate species
absorbed per unit cell is calculated at 1.13 J/m2 and 1.81 J/m2,
respectively. Direct comparison between the pristine ZnO/CuO
heterostructure and the carbonate-containing interface is, how-
ever, limited as the carbonated structure effectively contains two
interfaces, one between CuO and CO3 and another between CO3

and ZnO. Summing those individual contributions, i.e., regarding
the system as a whole, yields values of 2.26 J/m2 and 3.62 J/m2

for the structures with one and two carbonate species per unit cell,
respectively. According to classical nucleation theory, the higher
the adhesion energy, the higher the probability of heterogeneous
nucleation compared to homogeneous nucleation [117]. In our
case, the computed interfacial adhesion energy further suggests
the likelihood of carbonate species being present between the
oxide particles and thus preventing them from coalescing. In other
words, the model proposed based on experimental measurements
of carbonate ions stabilising particles and thus preventing sinter-
ing is indeed a favourable and plausible one. If the CuO/ZnO inter-
faces are stabilised in this way, the thermal sintering between CuO
particles is avoided, or reduced.

3.9. Infrared activity

The vibrational features of the carbonate systems were assessed
by calculating their infrared wavenumbers and intensities
(Table S4). The spectrum of an isolated carbonate molecule con-
tains four distinct vibrational groups (although carbonate ions
are not stable as stand-alone entities, computationally they can
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be probed for comparison): low frequency in-plane bending (two
modes, noted as m4), out of plane bending (one mode, m2), and
asymmetric stretching (two modes, m3). The symmetric carbonate
stretch (m1 at 1148 cm�1) is infrared inactive when the carbonate
molecule has its full symmetry, as outlined earlier (full spectrum
shown in Fig. 7). This vibrational mode becomes active in all
remaining systems under scrutiny where carbonates are attached.
In freestanding sodium carbonate, m1 is shifted to much lower fre-
quencies than those observed in the FTIR (Fig. 2B) and as such indi-
cates no presence of this compound (or low concentration) in the
final calcined material.

When CO3 is adsorbed on top of the ZnO (100) and CuO (�111)
surfaces, m1 is found at frequencies of 1093 cm�1 and 1078 cm�1,
respectively, although with a significantly reduced mode intensity
(Fig. 7 inset). Such low spectral intensity of the m1 mode, together
with the intensity difference between the two m3 carbonate peaks
on the ZnO and CuO individual surfaces indicates that the mea-
sured IR spectra (Fig. 2B) cannot originate from these systems.
However, in the model where carbonate is adsorbed at the ZnO/
CuO interface, the m1 frequency is strongly activated and blue-
shifted to 1109 cm�1 (compared to computed values of other sys-
tems in this study), which is in good agreement with the measured
value of 1076 cm�1, especially given the difference between the
experimental conditions and assumptions of the theoretical model.
Such a strong blue shift indicates strengthening of the intramolec-
ular carbonate bonds due to intermolecular bonding features [118],
further confirming the likelihood of CO3 trapping between the
oxide layers. Furthermore, the m3 is found split in the simulated
spectrum with energies calculated at 1427 cm�1 and 1565 cm�1

(Dm3DFT = 138 cm�1), which again corresponds well with the mea-
sured values at 1412 cm�1 and 1551 cm�1 (Dm3experimental = 139-
cm�1), respectively. The splitting value (Dm3) typically
corresponds to monodentate carbonate bonding [38,94], which
was indeed found in the model structure (Fig. 6B middle and right).
The observed activation of the m1 and splitting of the m3 carbonate
vibrational mode confirm the possibility of CO3 being inserted and
stabilized into the oxide network. It should be noted that the inten-
sities of the modelled m3 vibrations do not correspond exactly to
those in the experimental spectrum (Fig. 2B) with a more pro-
nounced intensity at 1551 cm�1. This can be due to other effects
in the real material that are not accounted for in the slab model,
which, however, does not change the DFT evidence in favour of
the HT-CO3 as stabilizing species at the CuO/ZnO interface.

3.10. CO3 dissociation
3.10.1. CO3 dissociation on pristine ZnO (100) and CuO (�111)
surfaces

To gain insight into the surface reactivity towards CO3 dissoci-
ation into surface-bound CO2 and O species, transition state calcu-
lations were performed to obtain reaction energies and activation
barriers. The calculated minimum energy profile for CO3 dissocia-
tion from the starting adsorbed configuration on the ZnO (100)
and CuO (�111) surfaces is shown in Fig. 8A and 8B. Both reac-
tions are found to be endothermic with energy barriers of
0.94 eV to dissociate CO3 on the CuO (�111) surface and 1.40 eV
to dissociate CO3 on the ZnO (100) surface.

In the final configuration on the CuO (�111) surface, the O
obtained from the dissociation forms two bonds with the under-
coordinated surface cations at bond lengths of 1.92 Å and 2.00 Å,
which is comparable to the Cu–O bulk bond length of 1.93 –
1.97 Å, indicating strong adsorption onto the surface. The remain-
ing CO2 binds via one O weakly to the surface, forming a Cu–O
bond with a length of 2.32 Å. The overall reaction is found to be
endothermic with a reaction energy of + 0.36 eV. On the ZnO



Fig. 7. Calculated infrared spectrum of CO2-
3 and Na2CO3 molecules as well as CO3 fragment present at the ZnO and CuO surfaces as well as ZnO/CuO interface. The inset shows

a zoom in the region of the m1 vibrational mode. The m1 mode (motif in figure) is infrared inactive when CO3 possesses full symmetry and gets subsequently activated when
that symmetry is reduced, either as part of the Na2CO3 molecule or the ZnO/CuO oxide network.

Fig. 8. Relative energy profile containing the activation barriers and reaction energies of carbonate dissociation into CO2 and O at: A) the CuO(�111) surface, B) the ZnO(100)
surface, and C) the ZnO/CuO interface. Values obtained using B3LYP and the distinguished reaction coordinate method.
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(100) surface, the dissociated carbonate O binds two surface Zn
atoms at distances of 2.05 Å and 1.96 Å, which is again comparable
to the Zn-O bulk bond lengths. The newly formed CO2 binds
strongly to the surface where each of the two O atoms attaches
to a surface cation and C binds one under-coordinated surface O.
This process is endothermic with a cost of only + 0.10 eV, but a lar-
ger activation energy barrier compared to the carbonate dissocia-
tion process on the CuO surface.

Both reactions proceed via a two-step mechanism. The individ-
ual steps are interchangeable (i.e., their sequence is not important),
which is why we will outline only one route. At first, one of the
three carbonate oxygen atoms is detached to bind to a surface
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cation, followed by relaxation of the O–C–O carbonate angle into
a suitable configuration to minimize the potential energy. On the
CuO (�111) surface, that angle is found at 176.2� in a configura-
tion where the molecule points away from the surface and binds
weakly to the topmost cation, while on the ZnO (100) surface
the analogous angle is 129.4�, i.e., closely resembling the internal
CO3 angle and binding firmly to the surface.

3.10.2. Transition state search at the ZnO/CuO interface
To further verify the proposed structural configuration and

kinetics, transition state calculations were performed to elucidate
the activation and dissociation mechanism of the carbonate ion
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at the interface between ZnO and CuO. The calculated minimum
energy profile for the proposed CO3 dissociation mechanism from
the starting carbonate structure incorporated at the ZnO/CuO
interface is shown in Fig. 8C. The reaction initially follows the
two-step pathway outlined earlier when dissociating carbonate
on the pristine surfaces, with a consequent linearization of the
O–C–O angle after one O is being detached from the carbonate
group (crystal structure in the middle of Fig. 8C). The activation
energy for this step is calculated at 1.61 eV (ca. 155 kJ/mol), which
is larger than the same process on the pristine CuO of ZnO surfaces.
Once the forces holding O and CO2 together in the carbonate are
weakened enough to prevent CO3 from re-forming, the relaxation
proceeds as a highly exothermic reaction releasing almost 3.8 eV
(ca. 367 kJ/mol). Such a large reaction energy has not been noted
in the literature and demonstrates the need for models with
increasing complexity, such as our explicit interface system, which
resembles as closely as possible the experiments, to take into
account the chemical and physical interplay at the material inter-
faces. Importantly for this study, the activation energy for the car-
bonate splitting in the ZnO/CuO interface is higher than for the
individual oxide counterparts, which is further evidence of the
higher stability of the carbonates at the interface between the
oxide particles, thus preventing them from growing.

As both the CuO and ZnO surfaces contain under-coordinated
(reactive) transition metal sites, it is unfavourable for the CO2 to
exist as a self-contained molecule, counteracting the attractive
Coulomb forces exerted onto it by the oxide network and between
the ZnO and CuO layers themselves. In the final structure, one O
from the newly formed CO2 molecule binds two Cu atoms at d
(Cu–OCO3) = 2.01/2.21 Å with the other O atom binding one
under-coordinated Zn atom at d(Zn–OCO3) = 2.02 Å. The bond
lengths of the newly formed (effective) carbonate (binding one O
from the network) are d(C–OCO3) = 1.25/1.32/1.28 Å, which is com-
parable to the intermolecular distances in the starting carbonate
present at the ZnO/CuO interface (see Table 2). The third oxygen
(from the carbonate before dissociation) binds to two under-
coordinated Cu atoms at 1.89 Å and 1.92 Å, indicating strong
adsorption at the CuO surface.

In addition, we note the role of the oxide framework flexibility
when accommodating the dissociation of CO3. In one scenario we
simulated the splitting of CO3 via the same two-step pathway out-
lined before but this time keeping the ZnO and CuO frameworks
fixed until the CO2 and O species have formed. Then we find that
the oxygen detachment from the carbonate costs almost 3.5 eV
and the linearization of the O–C–O bond angle adds an additional
1.4 eV. If we next allow the layers to relax to search for the final
reaction configuration, we run into computational divergences
and cannot obtain a stable structure. In other words, the barrier
to dissociate CO3 in an oxide network that is not allowed to breathe
is considerably increased (around 4.9 eV or 473 kJ/mol) compared
to the case where the ZnO/CuO network has full atomic flexibility
and no stable structure for the final reaction products is found.

Not surprisingly, the complete dissociation reaction of CO3 at
the ZnO/CuO interface is extremely complex. However, we con-
sider that the possible scenarios we have explored here are useful
to understand the stability of the carbonate groups present within
the oxide network.

3.11. Final remarks

Though the final reduced catalyst has not been studied here, it
is worth to comment about it briefly. The final Cu dispersion or Cu-
based active sites are the consequence of the full experimental his-
tory from the hydroxycarbonate/hydrotalcite structure, calcination
and reduction conditions. It has been found that the HT-CO3 are
eliminated during the reduction step[33,38,41], but they can also
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influence the Cu dispersion or Cu-based active sites. Some hints
about this can be found in the literature, showing a retarded CuO
reduction in the presence of HT-CO3 [41]. There is still some con-
troversy between HT-CO3 and copper surface area. While Schur
et al. [28] shows that a HT-CO3-free catalyst exhibited low copper
surface area and low activity in methanol synthesis, Schumann
et al.[38] did not obtain a lineal correlation between the HT-CO3

and the copper surface area. This is perhaps related to the fact that
these catalysts are structure-sensitive and copper surface area may
not be a good descriptor of the catalytic activity. In other words,
the correlation between the HT-CO3 and the final catalyst activity
is a more complex topic. Schumann et al. [38] found that catalysts
with high HT-CO3 concentration were less stable. Here, we
observed that having two carbonate per unit cell in the ZnO/CuO
interface rendered less stable carbonates than one per unit cell
(Table 2), which is in agreement with Schumann et al. (bear in
mind that they studied reduced catalysts). Hence, the type of car-
bonates (coordinating) and its concentration at the interface seem
to play a role in the stability.

Overall, the literature has clearly evidenced the positive effect
of the HT-CO3 in the reaction. Here, we have proven their effect
on the stability of the CuO and ZnO phases, which is a good pre-
condition before the reduction step to have well-dispersed Cu-
based phases. The possible role of the Al(III) in the calcination
phase remains open.

4. Conclusions

The nature of the high-temperature carbonates in CuO/ZnO-
based catalysts has been investigated experimentally using a
model Cu-Zn-Al hydrotalcite, by means of XRD, thermal methods,
IR spectroscopy and a thermo-kinetic study. Characterization
revealed the presence of HT-CO3 species, which are highly stable
as shown by: 1) high decomposition temperature, 2) splitting of
the m3 mode (IR), 3) activation of the m1 mode (IR) and 4) high
apparent activation energy of their decomposition (shown by Kis-
singer and Ozawa-Flynn-Wall models). The calcined material dis-
played well-dispersed CuO and ZnO phases, with an amorphous
Al-phase. It was hypothesized that such HT-CO3 form stable oxy-
carbonates, where the carbonate groups act as a glue to link the
oxide particles. This behaviour can explain the low or reduced
thermal sintering during calcination and broad XRD reflections.
This structural model is in line with other previous studies but
investigations on the molecular features are absent in the litera-
ture. Therefore, we also studied the material from a molecular per-
spective using first-principles calculations based on the density
functional theory. Alumina was not considered since it was amor-
phous (yet its additional effect on the calcination may still exist),
whereas the ZnO/CuO interface is well-known in technical cata-
lysts. Initially, model CuO and ZnO surfaces were defined and
CO3 surface adsorption was studied, before investigating the
ZnO/CO3/CuO interface, where the carbonates bind the CuO and
ZnO surfaces. All DFT data provide evidence that such carbonate
groups favourably bind the CuO and ZnO at the interface, rather
than being present on the individual oxide surfaces. This was first
shown by the adsorption and adhesion energies (larger), and the
calculated IR spectrum matches the experimental spectrum (m3
and m1 vibrations); all this revealing strong carbonate interactions
with the metal cations. Finally, the CO3 dissociation reaction shows
a higher activation energy when HT-CO3 are at the interface, hence
again showing its high stability. Our study provides new insights
into the previously-reported concept of trapped high-
temperature carbonates, which strongly suggests them to be part
of the structure through a bonding mechanism between CuO and
ZnO particles, thereby preventing thermal sintering during
calcination.
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