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Electronic EffectsofAlDopingon theMechanismofMethanol
FormationonanAlDopedCu/ZnO InterfaceModel
David A. Jurado A.,[a, b, c, d] Michael D. Higham,[c, d] C. Richard A. Catlow,*[c, d, e]

and Ingo Krossing*[a, b]

The mechanism of CO2 hydrogenation to methanol is modelled
using plane-wave DFT applied to a representative Cu8-ZnO(CZ)
model, reported previously, with aluminium substituting a bulk
Zn (= Cu/ZnO/Al2O3(CZA)). On CZA, CO2 adsorption and acti-
vation are enhanced at the active Cu/ZnO interface compared
to systems with a Cu-based or CZ-based interface, demonstrat-
ing Al’s electronic effect. Methanol formation at CZA follows
the formate path: CO2*→ HCOO*→ H2COO*→ H2COOH*→
H2CO*→ H2COH*→ H3COH, with small contributions from the
RWGS mechanism. Methoxy’s binding is enhanced, making it a
dead-end and not an intermediate as on CZ. Formate interme-

diate at the Cu/Zn interface in CZA is electronically destabilized
through Al. By contrast, other surface formates are stabilized and
act as spectators. The most energy demanding step is the hydro-
genation of formate to dioxomethylene (Ea = 1.08 eV) and not
methoxy hydrogenation as on CZ. Multiple species are able to
scavenge O* regenerating the active interfacial site. OH* was
found to poison the active site, although its formation is energy
demanding, making the CZA system overall more selective to
MeOH than CZ. Water formation occurs on the Cu site as on
the CZ system, although Zn sites can stabilize adsorbed water
consistent to on experiments at CZA.

1. Introduction

The Cu/ZnO/Al2O3 (CZA) catalyst is applied to industrial
methanol production via CO2 hydrogenation and syngas
conversion since the 1960s.[1–8] With rising atmospheric CO2 lev-
els, attributed to anthropogenic pollution,[9,10] it is anticipated
that this process will be of growing importance,[11,12] coupled
with sustainable photocatalytic water splitting[13–23] and carbon
capture technology,[24–26] not only to alleviate CO2 pollution, but
also to develop a synthetic carbon cycle, parallel to nature’s own,
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to reduce dependence on fossil fuels and transition toward a
sustainable circular economy.[27] As such, there is a considerable
interest in the development of superior catalysts for methanol
production, with rational catalyst design based on chemical and
physical principles.

Despite the success of the industrial CZA catalyst, much
remains poorly understood in terms of the role of each com-
ponent, and how those components contribute to high activity,
selectivity, and stability. It has been widely thought that Cu is the
active phase, with ZnO stabilizing Cu(I) sites and Al2O3 provid-
ing a stable substrate to prevent active particle sintering.[1,28–32]

Although there is no doubt that these factors contribute to the
observed catalytic behavior, it is also evident that the strong
metal–support interaction between the Cu and ZnO phases,[33]

and the electronic impact of the presence of Al, contribute
to catalytic behavior in addition to these factors. The widely
reported Cu/ZnO synergistic effect has been attributed to a
number of factors, including maximizing Cu surface area,[34]

the formation of active Cu/Zn alloy sites,[35] and the forma-
tion of ZnO overlayers.[36] There have been extensive studies
dedicated to investigate the nature of the interaction between
the Cu and ZnO components, from both experimental[37–45] and
theoretical[35,46–49] perspectives. However, the precise role of the
alumina component has still not received as much attention.

In addition to its role as a structural promoter, Al2O3 was
suggested to enhance catalytic activity via the presence of Al
modifying the electronic properties of the catalyst surface, e.g.,
by stabilizing the active Cu+ containing site, through hinder-
ing the complete reduction of Cu2+ on Al2O3/ZnO interfaces
with Cu rich clusters.[50] Indeed, promoting a Cu/ZnO cata-
lyst with Al resulted in an increase in catalytic performance,
although stability was suboptimal with Al segregation being
observed.[51,52] The improved activity was also attributed to Al3+
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doping into the ZnO lattice, essentially facilitating n-type semi-
conducting behavior. Notably, also the reverse water–gas shift
(RWGS) activity is correlated with free charge carrier concentra-
tion and easy charge transfer facilitating CO2 activation.[48,53,54]

However, while there is clear evidence for the electronic pro-
motional effect on CO2 hydrogenation activity, the impact of
Al on the wider reaction mechanism for CO2 hydrogenation to
methanol is uncertain.

Hence, this work aims to determine the mechanistic route
for methanol formation on a model catalyst surface that affords
a more representative structural description of the CZA catalyst
system and by applying plane-wave DFT calculations to investi-
gate the competing reaction pathways. The robust CZA model is
devised from previous studies on the Cu/ZnO (CZ) system.[55–57]

Using our recent mechanistic study of the competing reaction
pathways for methanol formation on this model CZ surface as
a benchmark,[58] the present work demonstrates how even very
dilute concentrations of Al can have an impact on the most
favorable reaction mechanism, in some cases significantly, and
in other cases more subtly. The calculations allow us to ratio-
nalize spectroscopic observations of dominant surface species,
which can be assigned as intermediates, spectators, or poisons,
depending on their stabilities and the kinetic feasibility of pro-
cesses producing or consuming those species. The work thus
provides valuable insights into the activity of the industrial CZA
catalyst, as well as identifying challenges and limiting factors
to be addressed in the development of the next generation of
methanol catalysts.

2. Methodology

2.1. Periodic Ab Initio Calculations

All periodic DFT calculations were performed using the Vienna
Ab-initio Simulation Package (VASP).[59–62] The electronic struc-
ture was calculated using the projector augmented wave
(PAW) approximation for the core-valence interactions, and the
Perdew–Burke–Ernzerhof for solids (PBESol) exchange-correlation
functional was used throughout.[63–65] Our earlier work demon-
strated that periodic plane-wave DFT using the PBESOL functional
as implemented in VASP, in comparison with “gold standard”
coupled cluster calculations, reproduced the trends in total
energy for all relevant isolated molecular and intermediate
species, thus demonstrating the suitability of this approach for
modelling heterogeneous catalyst systems.[58] The plane wave
cut-off was set at 450 eV, which was determined to be sufficient
from previous studies[57,66] with further testing using a 700 eV
cut-off in our previous report showing no appreciable difference
in adsorption energies. All calculations were performed using a
single �-centred k-point, owing to the large size of the cell.

Our model was obtained following several previous
investigations.[57,67–70] The slab model consists of a 5 × 5 Zn-rich
O-terminated reconstructed polar ZnO surface supercell, repre-
senting the support, on which a Cu8 cluster is adsorbed. The
structure is illustrated in Figure 1. The ZnO support slab consists
of six ZnO layers, corresponding to a pristine, unreconstructed

O-terminated ZnO(0001) 5-layer slab, with the 6th layer being
formed by an optimized array of Zn adatoms. An equal number
of randomly selected Zn atoms on the opposing termination
were removed to ensure overall charge compensation, in line
with the previous studies.[55] The slabs are separated by 18 Å
of vacuum. All Cu atomic positions and the top 3 ZnO lay-
ers were allowed to relax during structural optimization until
atomic forces were converged to within 0.01 eV Å−1. The bottom
three layers were fixed at their bulk positions. To account for the
presence of alumina, a single bulk-like Zn atom was substituted
for Al (atom #48 in model) to produce the model for the CZA
system, reflecting structures reported in the literature, from
both experiments and simulations.[71,72] All images of the surface
were generated using the software VESTA[73] with images of
atoms using the radii: H 0.46, C 0.77, O 0.74, Zn 1.37, Al 1.43,
and Cu 1.28 Å. All electron density difference volumes used an
isosurface level of 0.002 a0−3. Further methodological details
for the density of states (DOS) calculations are presented in the
Supporting Information.

The adsorption energies Eads are calculated according to the
following expression:

Eads = EX−CuZnOAl − ECuZnOAl − EX(g) (1)

where Eads refers to the adsorption energy of species X* on the
surface, EX−CuZnOAl to the energy of the Cu8@ZnO-Al surface with
adsorbed X* on one specific site, ECuZnOAl the energy of the clean
Cu8@ZnO-Al surface, and EX the energy of an isolated X molecule
in the gas phase. Adsorbed species include H2, CO2, H2CO, H2O,
HCOOH, and more.

Zero-point energy (ZPE) corrections were applied to all sur-
face intermediates, transition states, and gas phase species,
associated with formation paths for methanol synthesis. How-
ever, uncorrected values, which are usually reported in the
literature,[42,74–78] are also provided in the Supporting Information
to this work.

Vibrational normal modes were also calculated for the
species relevant to the formation of MeOH, in order to provide
a benchmark and to inform future experimental studies. Their
vibrational frequencies were obtained using the finite displace-
ment method and the harmonic approximation as implemented
in the VASP code; all surface adsorbate atoms were displaced
along with the coordinating atoms of the CZA surface. The
species are classified as resting states (i.e., spectators or mech-
anistic “dead ends” for methanol formation), intermediates, and
species that the calculations suggest are unlikely to be formed
in appreciable concentrations on the surface. These results are
reported in the Supporting Information.

3. Results and Discussion

Our results represent a natural continuation of those recently
published by us on the CZ system.[58] As such, we will refer to
these previous investigations, in order to make a direct com-
parison between the reaction mechanisms where aluminium is
both absent and present, and thus establish the potential role
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Figure 1. (I) Reaction profile illustrating ZPE corrected adsorption energies from physisorbed and chemisorbed CO2 on different systems: the Al doped
Cu/ZnO model system (CZA), the CZ system (CZ), and unsupported Cu.[69,81] At the interfacial site (A) of the CZ and CZA systems the adsorption of CO2 is
highly exothermic. Grabow et al.[81] reported in Cu(111) no chemisorption of CO2, and suggested no need of it as formate would be formed through
carbonate dissociation. We reported the importance of CO2,chem in our last publication,[58] and we emphasize that its vibrational modes lay in the same
range as carbonate, suggesting an explanation to the carbonate band reported in the literature and a possible confusion of bands (Table S11 and Table
S12). (II) Electron density isosurface difference plot of the surface of the doped model system CZA. Yellow regions denote an increase in electron density in
comparison with bulk ZnO and the Cu cluster, teal regions a decrease. The increase in local charge density at the Cu/ZnO interface (A) of CZA is evident.
Note that the teal region is closer to the A site in the CZA rather than the CZ analysis (Supporting Information).

of dilute aluminium in the electronic promotion of the CZ sys-
tem. Notably, the presence of just one aluminium atom in the
bulk layers of the slab model has an impact on the electronic
structure of CZ and influences activation processes. This elec-
tronic influence is evident in the differences between the DOS
for CZ and CZA shown in Figure S2 (Supporting Information)[79,80]

and the impact of aluminium on the charge density localiza-
tion at the surface as shown in Figure 1 (II) and in Figure S2,
(Supporting Information). Additionally, aluminium enhances the
concentration of conduction band electrons, which can help CO2

activation.[48]

3.1. CO2 Adsorption and Activation

The conversion of CO2 to methanol necessarily requires the
adsorption, and activation, of CO2. On the Cu/ZnO interfacial
site of the CZ system CO2 adsorption is enhanced, compared to
unsupported low-index Cu surfaces.[69,81] The impact of the pres-
ence of Al in the CZA system on CO2 adsorption is summarized
in Figure 1, and will be discussed in the following section.

In common with the CZ surface, CO2 adsorption is enhanced
at the Cu/ZnO interface site (A) of CZA, as well as at the Cu (B)
and Zn site (D) (sites as defined in Figure 1). Although the ener-
getics of adsorption of CO2 on the CZ and CZA surfaces are very
similar, there are differences in terms of the electronic and geo-
metric structure of the adsorbed, activated CO2 species (Table 1).
Hence, the binding on the pure Cu site (B) is slightly more
exothermic for the CZA system. Bader charge analysis (BCA) con-

versely suggests that for CZA, CO2 chemisorbed on site (B) is
less reduced, i.e., only by 0.33e− versus 0.65e− for the CZ sys-
tem, while it is enhanced for the interfacial site. Note also that
the O─C─O bond angle θ changes due to its stability or elec-
tron donation/acceptance, which is mainly due to partial CO2

reduction being enhanced by partial filling of the antibonding
π* orbital, resulting in a narrower θ bond angle (Table 1).

The calculations also show that CO2 chemisorption is feasible
at the Cu (B), although partial CO2 reduction is less pronounced
at this site compared to the interfacial (A) site (Eads, BCA and
structural parameters Table 1).[68,82] In fact, this highlights the
importance of the interfacial site (A): Although CO2 can adsorb
exothermically on all sites, only through its activation at the
site (A), CO2 undergo subsequent reaction processes toward
methanol.[6,74,83–85] The very favorable adsorption at the Zn site
(D) is remarkable and resembles the formation of a carbon-
ate like species (cf. Supporting Information, Table S4). Note that
the vibrational signature of chemisorbed CO2 on the A site is
in the same range as that of carbonate (cf. Supporting Infor-
mation, Tables S11 and S12), which is visible by spectroscopic
measurements.[86–91]

3.2. Further Reaction Progress Toward Methanol Formation

Following CO2 adsorption and activation, the RWGS mechanism
relies on the subsequent dissociation of CO2. For this process, the
CZ and CZA systems exhibit comparable behavior, with relatively
high activation barriers of ∼0.9 eV for CO2 dissociation yielding
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Table 1. Adsorption energy, structural, and electronic parameters of the CO2-moiety chemisorbed at the sites A, B, C, and D as calculated for the CZ
(regular values) and the CZA (bold values) systems. CO2 chemisorption energy Eads, O─C─O bond angle θ , adsorbate Bader charge accumulation (βX) in
comparison to CO2(g) and bond lengths dC-O (M) and dC/O-M of chemisorbed CO2. One of the O-atoms is closer to a Zn or a Cu atom, so to differentiate
C─O lengths nearer to M (Zn or Cu).

Site/from Figure 1 Eads(chem) θ/
°

βCO2 dC-O(M)/Å dC-O(Cu)/Å dCu-C/Å dM-O/Å

Interfacial A −0.41/ −0.43 123.0/
119.5

0.77/
0.87

1.31/
1.31 (M = Zn)

1.27/ 1.27 1.94/ 1.93 1.96/
1.89 (M = Zn)

Top B −0.36/ −0.46 133.4/
132.8

0.65/
0.33

1.30/
1.30 (M = Cu)

1.22/ 1.22 2.04/
2.04

2.04/
2.03 (M = Cu)

Side C −0.12/ −0.07 149.6/
148.1

0.36/
0.37

1.20/
1.20 (M = Zn)

1.23/ 1.23 2.16/ 2.17 2.04/
2.03(M = Cu)

Zn D −0.85/ −0.88 122.8/
127.8

0.34/
0.39

1.28/
1.28 (M = Zn)

1.27/ 1.28 (Zn) 1.38*)/ 1.38*) 2.04, 2.06/
2.03, 2.06 (Zn)

*) C─O bond, O from the surface ZnO.

CO at the interfacial site A (process [3]), and with the reaction
being moderately endothermic for both systems, with CZ being
slightly preferable. As a consequence, the RWGS-path via CO2*
dissociation and subsequent hydrogenation of CO* (slow and
endothermic, process [4]) is less competitive against direct CO2

hydrogenation or CO2 desorption. However, for the CZA sys-
tem the subsequent hydrogenation of HCOO to H2COO* was
found to be more energy demanding, making the possibility of
the RWGS mechanism contributing to methanol formation more
likely. In this path, CO2 dissociation is followed by the subse-
quent hydrogenation of CO*A to HCO* and then to H2CO*, both
low activation barriers. The calculations suggest that the possi-
bility of methanol formation via the RWGS pathway is slightly
enhanced for the CZA system in accordance to the literature,[79,92]

since, as noted, the activation barrier for HCOO* formation is
higher on CZA compared to CZ (process [14], 0.23 versus 0.00 eV),
as is the activation barrier for subsequent HCOO hydrogena-
tion (1.08 versus 0.93 eV for CZA versus CZ respectively), making
CO2* dissociation more probable for the CZA rather than the CZ
system.

3.3. The Most Favorable Mechanistic Path for Methanol
Formation

Figure 2 shows the various overlapping mechanistic pathways
and our proposal for the most favorable path for methanol syn-
thesis. Table 2 then summarizes the calculated reaction energies
for all the elementary processes investigated on the interfacial
site of the CZA system, along with the corresponding activa-
tion barriers and imaginary frequencies for the unstable modes.
The related data are also provided for the earlier calculated CZ
interfacial site for comparison.

Overall, the calculations suggest that methanol formation
will largely take place via the formate pathway, but will likely not
proceed via the MeO* intermediate (as indicated by the bold red
and black arrows in Figure 2):

CO2∗ → HCOO∗ → H2COO∗ → H2COOH∗ → H2CO∗

→ H2COH∗ → H3COH∗

This sequence is similar to those previously reported for
methanol formation.[75,86,87,93] However, in contrast to the CZ sys-
tem, the activation barrier for methoxy hydrogenation is ∼0.5 eV
higher (due to the differences in stability of the initial and final
states, cf. next section), as the process is substantially more
demanding on the CZA model (Ea = 1.55 eV; �E = 1.13 eV) than
on CZ, which will hinder its consumption to yield methanol.
Thus, it may well act as a spectator species, as suggested by
the vibrations observed in experimental DRIFTS studies,[81,90,94–97]

rather than an intermediate. Conversely, for CZA, the H2COH*
intermediate yields a more competitive pathway for methanol
formation. Although the formation of H2COH* via formaldehyde
hydrogenation [7] has a higher barrier than methoxy formation
for both CZA and CZ (Ea = 1.00 eV for CZA, Ea = 0.94 eV for CZ),
H2COH* formation is modestly endothermic for CZA, but consid-
erably more endothermic for CZ (�E = +0.19 eV for CZA, �E =
+0.49 eV for CZ). In addition, the activation barrier for H2COH*
hydrogenation to methanol [12] is considerably lower for CZA
compared to CZ (Ea = 0.66 eV for CZ versus 0.57 eV for CZA), and
the process energy is more exothermic for the CZA system (�E =
−0.35 eV for CZA versus �E = −0.26 eV for CZ). Hence, the pres-
ence of aluminium favors methanol formation via the H2COH*
intermediate, by both destabilizing the methoxy intermediate
such that reverting to formaldehyde is competitive against the
much slower hydrogenation to methanol, and by lowering the
activation barrier for H2COH* hydrogenation.

Although the calculations suggest that formate creation may
outcompete CO2 dissociation and the mechanistic path for CO
hydrogenation presents a less energy-demanding way to form
H2CO*. It is the initial CO2 dissociation (CO2 scission, process [3])
that presents a challenge. Previous works employing empirical
corrections especially for CO,[81,98] suggest that CO2 dissocia-
tion is more favorable than ZPE corrected DFT calculations
might suggest (without empirical values, this work), although
the impact on other surface species remains unclear. This com-
peting path is highlighted in Figure 3 in neon green (CZ) and teal
(CZA) and also in Figure 2 with half-bold violet arrows. Hence,
comparable trends in activation barriers and process energies
are seen for both the CZ and CZA systems, although there are
a number of key differences that are likely to have an impact
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Figure 2. Simplified scheme of possible reaction pathways for methanol synthesis beginning with CO2 on the interfacial site of the CZA system and as
reported in our last publication.[58] For clarity, only processes involving C-containing species are shown. Process numbers [X] (X = 1–23), the respective
reaction energy �rE with its activation energy in parentheses (Ea) are given adjacent to each arrow. Energies of every species with respect to the gaseous
reactants are listed in the black boxes (bottom right position of every adsorbate) and have been corrected with the ZPE of each species. The violet arrows
are related to the RWGS path, brown for the COOH path and red for the formate path. The most favorable pathway (mix of formate and carboxyl) is
indicated by bold arrows, but also the RWGS path seems to have an impact on the overall MeOH formation as indicated by half-bold arrows. The bold
dashed line (process [11]) is a process that is difficult to occur and is one key difference to the CZ system. Details for all processes are listed in Table 2. The
same image without the ZPE can be found in the Supporting Information of this article (Figure S3).
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Table 2. Elementary processes described during the methanol formation on the interfacial site CZA and CZ for comparison and corrected with the ZPE.
Each process number in the first column is related to an elementary process.

CZA CZ

Step Elementary process Ea/eV �E/eV Ea/ eV �E/eV

Formate pathway related

CO2 adsorption

CO2(g) → CO2(phys) – −0.136 – −0.137

[1] CO2(phys) → CO2* 0.157 −0.296 0.122 −0.274

Formate and dioxymethylene formation

[14] CO2* + H* → HCOO* 0.232 −0.802 −0.050 −1.056

[16] HCOO*+ H* → H2COO* 1.079 +1.139 0.932 +1.007

Formation and dissociation of H2COOH*

[17] H2COO*+ H*→ H2COOH* 1.067 −0.047 0.936 −0.007

[23] H2COOH* → H2CO* + OH* 1.004 +0.496 1.000 +0.639

[44] H2COOH* → H2COH* + O* 2.098 +1.361 2.250 +1.536

H2CO desorption

[6] H2CO* → H2CO (g) – +1.385 – +1.162

[8] H2CO* + H* → H3CO* 0.412 −0.567 0.141 −1.006

Formation of methanol, desorption

[11] H3CO* + H* → H3COH* 1.300 +0.890 1.086 +0.772

[13] H3COH* → H3COH(g) – +0.311 – +0.478

Dissociations

[18] H2COO* → H2CO*A + O* 1.514 +0.466 1.394 +0.309

[28] HCOO* → HCO*A + O* 1.808 +0.930 1.867 +0.934

[33] H3COH*→ CH3*A + OH* 1.579 −0.727 1.904 −0.758

HCOOH-path, dissociation

[15] HCOO*+ H*→ HCOOH(phys) 1.837 +1.610 1.597 +1.305

[21] HCOOH* → HCOOH(g) – +0.410 – +0.353

[22] HCOOH(phys) + H*→ H2COOH* 0.601 −0.344 0.484 −0.290

[35] HCOOH* → HCO*A + OH* 0.581 −0.398 0.914 −0.359

[45] HCOOH* → HCOH*A + O* 1.579 −0.081 1.723 +0.075

Carboxyl formation, dissociation, and hydrogenation

[19] CO2* + H* → Cu-COOH 1.634 +0.983 1.626 +0.742

[20] Cu-COOH*+ H*→ HCOOH(phys) 0.825 +0.387 0.867 +0.321

[27] Cu-COOH*→ CO* + OH* 0.438 −0.026 0.600 −0.013

H2COH to methanol

[7] H2CO* + H* → H2COH * 0.998 +0.171 0.940 +0.493

[12] H2COH* + H* → H3COH* 0.568 −0.354 0.657 −0.255

RWGS related

CO2 dissociation, CO hydrogenation

[3] CO2* → CO*A + O*B 0.924 +0.658 0.881 +0.583

[3-II] CO2* → CO*B + O*A 0.310 −0.126 0.338 −0.262

[4] CO* + H* → HCO* 0.488 +0.078 0.527 +0.199

[29] CO* + H* → COH* 1.987§ +1.422 1.873§ +1.206

[34] CO*→ CO(g) +0.679 +0.876

Formaldehyde formation

[5] HCO* + H* → H2CO* 0.000 −0.620 0.610 −0.602
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Table 2. (Continued)

Formaldehyde formation

HCOH formation and
dehydrogenation

[9] HCO* + H* → HCOH* 0.701 +0.168 0.252 −0.221

[10] HCOH* + H* → H2COH* 1.210 −0.204 1.171 −0.090

[36] COH*+ H*→ HCOH* 0.715 +0.043 0.793 +0.129

Water processes

[2] 1
2 H2 → H* – −0.556 – −0.700

[24] O*A + H*B → OH*A 1.079 −0.295 0.789 −0.659

[25] OH*A + H*B → H2O* 1.514 +0.683 1.337 +0.895

[26] H2O*→ H2O(g) – +0.457 – +0.483

[25B] OH*B + H*B → H2O*B 0.841 +0.234 0.906 +0.227

O/OH scavenging of A site

[37] O*A + HCO*B→ HCOO*A 0.595 −0.940 0.548 −1.047

[38] O*A + H2CO*B→ H2COOA * 0.043 −0.363 0.056 −0.333

[39] O*A + HCOH*B → HCOOH*A 0.632 −0.552 0.692 −0.630

[40] O*A + H2COH*B → H2COOH*A 1.119 −0.395 1.158 −0.319

[41] OH*A + CO*B→ COOH*A 1.030 +1.071 1.111 +1.170

[42] OH*A + HCO*B→ HCOOH*A 0.745 +0.588 0.673 +0.343

[43] OH*A + H2CO*B→ H2COOH*A 1.073 +0.408 1.164 +0.537

Figure 3. Reaction profile illustrating the formation of methanol via the less energy demanding formate-path (red and blue) and the alternative RWGS
path (green and teal) on the CZ and CZA systems. Other intermediates are omitted; their corresponding energies are included in the
SupportingInformation Transition states (TS) relate to dashed lines and process numbers from Table 2 are shown in brackets. Hydrogenation of
formaldehyde leads to H3CO* and H2COH* (in orange and black) for CZ and CZA. Both may form, however, H3CO* shows great stability on both CZ and
CZA, but on CZA the H2COH* route seems to be preferred to form MeOH on the surface. The dissociation of CO2* (process[3]) and subsequently
hydrogenation of CO* (to HCO*, then H2CO*) have also an impact in the overall MeOH formation on CZA.
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on the overall reaction mechanism. Potentially significant differ-
ences between the reaction mechanisms on CZ and CZA occur
for processes [5], [7], [8], [9], [11], [15], [24], [29], and [42] with
differences of more than 0.2 eV in the reaction energy or/and
the activation barrier compared to the CZ system (Supporting
Information Table S10). Of these processes, only [7], [8], and [11]
play a direct role for the formation of methanol via the formate
mechanism, which we will discuss in more detail. The remaining
processes are discussed in the Supporting Information.

3.4. Processes [8] and [7]+[12]- Hydrogenation of
Formaldehyde

The formation of a methoxy unit is considered to be a key
process for MeOH synthesis. Indeed, the methoxy-moiety has
been reported to be present during the reaction in spectroscopic
studies,[81,90,94–97] though it is important also to consider the role
of MeO* as a poison, an intermediate, or both.

Methoxy formation via formaldehyde hydrogenation (process
[8]) is highly exothermic for both CZ and CZA, and more so for
the former (�E = −1.01 versus −0.57 eV for CZA), and the cal-
culations found low and modest activation barriers for CZ and
CZA, respectively (Ea(CZ) = 0.14 eV, Ea(CZA) = 0.41 eV), sug-
gesting that formaldehyde is quickly converted to methoxy. The
differences between CZ and CZA can be attributed to differ-
ences in the stabilities of the initial state H2CO* + H* and the
final methoxy state (Supporting Information, Tables S7 and S8).
Inspection of the adsorbate geometries reveals that the only
significant structural difference is the elongation of the C═O
bond of formaldehyde on CZA, at 1.40 versus 1.33 Å for CZA
and CZ, respectively, suggesting that the C═O bond is weak-
ened as a result of the stronger formaldehyde binding on CZA
(cf. next section). Still, the BCA does not suggest any significant
difference in terms of partial reduction of the C═O bond, which
appears to be similar for both systems. As such, H2CO* is only
slightly more stabilized on CZA, compared to CZ. Process [8] has
a higher activation barrier and is less exothermic on CZA, which
has important implications for the overall selectivity, since the
reverse process is more likely to occur at a higher rate on CZA
than on CZ.

Since methoxy hydrogenation to methanol is a highly
energy-demanding process, on the CZA system, reverting back
to formaldehyde is likely to out-compete hydrogenation to
MeO*. This in turn makes the alternative hydrogenation of
formaldehyde to H2COH* (process [7]), and then to methanol
(process [12]), much more feasible. The presence of Al, then, can
be interpreted to limit the impact of methoxy to acting as a
spectator, or perhaps even a poison, by making the reverse of
its formation competitive against the high barrier for methoxy
hydrogenation to methanol (next section).

3.5. Process [11] – Formation of MeOH, Methoxy
Hydrogenation

Although the calculations suggest that reversible methoxy for-
mation via formaldehyde hydrogenation could enable methanol

formation via H2COH*, it remains clear that when Al is present,
methoxy is likely to be present in high concentrations at the
active site owing to its stability (Table 3). However, the presence
of Al destabilizes methoxy in our calculations (Table 3) while the
activation barrier for the hydrogenation of methoxy to methanol
(process [11]) is higher by 0.21 eV for the CZA versus the CZ
model with the process being more endothermic by 0.12 eV.
Overall, [11] is the most energy demanding process for MeOH
formation via methoxy on both the CZ and CZA surfaces. The
higher barrier and higher endothermicity for methoxy hydro-
genation to methanol on CZA can be understood in terms of the
presence of Al enhancing the stability of coadsorbed MeO* and
H*, the initial state configuration for methoxy hydrogenation to
methanol, and slightly destabilizing MeOH*. For both systems,
the methoxy and hydrogen species are essentially competing
for partial reduction; even though the BCA suggests a compara-
ble charge accumulation on both species adsorbed on CZ and
CZA (Supporting Information, Tables S7 and S8), its formation
from CO2(g) and H2(g) is less exothermic on the CZ surface. The
additional electron, contribute by Al, can be interpreted to alle-
viate the competition between the two adsorbates for electron
density from the substrate, thus stabilizing coadsorbed MeO*
and H* on CZA. Consequently, the higher barrier for methoxy
hydrogenation to methanol means that methoxy can be consid-
ered a mechanistic “dead end” for the CZA system, with methoxy
probably acting as a spectator, or a poison, rather than an inter-
mediate. However, this makes the alternative pathway via the
H2COH intermediate a more feasible mechanism for methanol
production. Examining the competing processes, we see that it
is less energy-demanding for methoxy to revert to H2CO* (with
a moderate Ea of 0.98 eV [r-8] compared to 1.30 eV for methoxy
hydrogenation). Hence, methoxy formation can be regarded as
essentially reversible (albeit with a much lower frequency for
reverting to formaldehyde), whereas hydrogenation of formalde-
hyde to H2COH*, while occurring less frequently than methoxy
formation, subsequently results in H2COH* hydrogenation to
methanol. Methanol can then either desorb to the gas phase, as
a product, or dissociate back to H2COH* or methoxy, but in any
case, it is highly likely that H2COH* is the only intermediate that
ultimately leads to methanol formation.

3.6. Stability of Specific Species on the Interfacial Site CZA
Versus CZ

It is clear that on complex catalyst surfaces, which present mul-
tiple distinct adsorption sites, the stability of a given species will
vary depending on the adsorption site. Therefore, while some
species may be relevant to the catalytic reaction at one site, they
may not be relevant to catalysis, when adsorbed on another site.
In order to rationalize the differences in binding energies of mul-
tiple intermediates at different sites on the CZ and CZA surfaces
in electronic terms, calculations were performed to obtain den-
sity of states (DOS) plots and work functions for both systems
(Supporting Information, Figure S1). It is clear that substituting
a single bulk Zn for Al implies the presence of an additional
electron, and the localization of this electron is likely to have
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Table 3. Relative stabilities and BCA electron excess (in italic) of a variety of key carbon-species on a surface site (A, B, or D) as presented in our
publication.[58] All values are referenced to the gaseous species noted in the last row. The most stable or/and activated species are highlighted in bold.

HCOO*) CO2*) CO*) H2CO*) H3CO*)

Site / Species CZ CZA CZ CZA CZ CZA CZ CZA CZ CZA

Cu/Zn (A) −1.28 −1.13 −0.41 −0.42 −0.72 −1.12**) −1.02 −1.20 −1.76 −1.55

BCA e– excess 0.59 0.64 0.77 0.88 0.36 0.10 0.84 0.91 0.57 0.56

Zn (D) −1.40 −1.49 −0.86 −0.87 −0.64 −0.67 −0.88 −0.95 −1.02 −1.13

BCA e– excess 0.63 0.58 0.35 0.39 −0.09 −0.14 0.04 0.17 0.72 0.79

Cu (B) −1.95 −2.41 −0.37 −0.51 −1.28 −1.31 −0.50 −0.69*) −1.20 −1.06

BCA e– excess 0.57 0.63 0.65 0.33 0.29 0.31 0.27 0.54 0.52 0.52

Reference CO2(g) + 3 H2(g) CO2(g) CO(g) H2CO(g) CO2(g) + 3 H2(g)

* This geometry is rotated and more stable as the one reported in CZ. The structure on CZ has the same stability on both systems (cf. Supporting
Information);
** This site resembles a Cu site, but it is close to the A site, and this is the only structure that was found.

implications for adsorption and catalytic processes. Although
the present model cannot accommodate phenomena such as
crystallite grain boundary defects, and the possibility of elec-
tron localization at such sites, the charge density difference
plots (Figure S1) suggest electron localization takes place at the
Cu/ZnO interface, and is enhanced for the CZA system at the
interfacial A site which we focus on as the main catalytic site
for CO2 activation and subsequent methanol formation in our
model system. Furthermore, the DOS and work function calcu-
lations show that, relative to a common vacuum level, the Fermi
level for our CZA model lies above that of CZ by 0.17 eV, imply-
ing population of conduction band-like levels. In terms of the
implications for adsorption, this result suggests that electron
donation from CZA to higher lying molecular orbital levels may
facilitate binding on CZA, compared to CZ. However, it does not
necessarily mean that all intermediates would be more activated
or show greater stability on the CZA versus the CZ model, given
the differences in charge localization at different surface sites, as
illustrated by the charge density difference plots in Figure 1 (II). In
Table 3, the relative binding energies for a variety of key species
are presented, to illustrate the impact of the single bulk Al atom
on the adsorption and binding of a variety of key species. The
stability of formate and its repercussions will be discussed in the
next section.

The calculations show that CO* binds most strongly on Cu
sites (A and B sites), with the BCA showing partial CO reduc-
tion in both cases with especially strong binding at the Cu-only
B site, in agreement with the well reported observation of Cu
carbonyls.[99] However, the calculations also show strong bind-
ing of CO on the Zn site, although the BCA suggests that no
partial reduction of CO occurs in this case (BCA, Table 3, cf. gen-
eral for nonclassical carbonyls[99]) At the A site electron donation
can stabilize CO, with the presence of both Zn and Cu facilitat-
ing limited partial reduction. In contrast, on the Zn (D) site, only
weak oxidation of CO is observed from the Bader charge anal-
ysis, perhaps originating from interaction with surface O rather
than Zn. Notably, any attempt to adsorb CO at the interfacial
Cu/Zn A site on CZA resulted in the optimized adsorption struc-
ture migrating to an adjacent Cu-only site (similar to the Cu-only

B site), which is in agreement with the experiment that shows
that gaseous CO introduced via the input gas feed is not the
reactive species for methanol formation,[47,100–102] since it cannot
bind to the interfacial A site in CZA. Rather, the calculations sug-
gest that CO can only be accommodated at the interfacial Cu/Zn
A site, when coadsorbed with O*, which means via CO2 dissocia-
tion as reported in process [3], as can be understood in terms of
the coadsorbed O*B species enhancing the Lewis acidity of the
surface, thus making the interfacial A site active for CO binding.

Overall, formaldehyde is calculated to bind more strongly on
all sites on CZA compared to CZ and for example, adsorption
is more stable by at least ∼−0.10 eV on CZA. This enhanced
adsorption correlates with the activation of H2CO (Table 3), on
sites with higher localization of electron density (cf. Figure 1
(II)), facilitating stronger binding and a greater extent of partial
reduction of the C═O bond.

MeOA* shows the same extent of charge transfer and is the
most stable species at the interfacial (A) site in CZ and CZA (more
stable by −0.21 eV on CZ than on CZA), but more weakly bound
at the Cu (B) and Zn (D) sites. For CZ, MeO* is more strongly
bound on Cu (B), whereas for CZA, MeO* is more stable at the Zn
(D) site, although in all cases the adsorption energies and charge
distributions are comparable. The difference could be attributed
to the role of Al in providing an additional electron that makes
electron transfer from the substrate to the MeO* species less
energy demanding.

An analysis of the stability of H* on different sites of the CZA
is commented in the Supporting Information. Although there are
changes in the adsorption of H* on the interfacial sites being
less exothermic on CZA compared with CZ and more exother-
mic on the Cu and Zn sites respectively, none of the changes
are especially significant and the results are consistent with the
assumption that H* is abundant on the surface.

3.7. Formate: Intermediate and Spectator

Formate has been suggested as a key intermediate for CO2 con-
version to methanol.[58,75,93,103–105] It is highly stable at the Cu/ZnO
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Table 4. Comparison between different formate structures on CZA and CZ. �E refers to the formation of a HCOO* on each site of each system in accor-
dance with energy of the clean surface (CZ or CZA) + CO2(g) + 1

2 H2(g). No major difference in BCA difference between each formate was found, with an
activation of ca. 0.6 e− for each species. Sites are comparable to those shown in Figure 1. Bond lengths and other structural parameters are provided at
the Supporting Information (Table S6).

Site Interface (A) Top of Cu (B) Far Zn (D) Side (C + D) Cu/Zn (C)

�ECZ/ eV −1.278 −1.951 −1.396 −1.442 −1.609

�ECZA/ eV −1.132 −2.414 −1.488 −1.464 −1.557

Table 5. Stabilities of O*, OH*, and H2O* on different sites and on both CZ and CZA systems with respect to their reaction to CO2(g) + 3 H2(g) (=0 eV) for
overall comparison with all other reported processes. For abbreviation, only the adsorbed species are listed, i.e., that the accompanying species from the
reaction are omitted, e.g., for O* it would be O* + H2(g) + MeOH(g). Only for the water molecule, the reference is its gas phase molecule, i.e., the reported
value corresponds to its adsorption energy. The most stable or/and activated species per system are highlighted in bold.

O* OH* H2O*

Site / Species CZ CZA CZ CZA CZ CZA

Cu/Zn (A) −0.73 −1.32 −1.75 −1.57 – –

BCA e– excess 0.87 0.89 0.58 0.58 – –

Zn (D) −0.91 −1.07 −0.29 −0.33 – –

BCA e– excess 0.91 0.91 0.55 0.56 – –

Cu (B) −0.44 −0.34 −1.29 −1.15 −0.38 −0.36

BCA e– excess 0.70 0.70 0.51 0.50 0.09 0.09

Reference CO2(g) + 3 H2(g) H2O(g)

interfacial site A and also potentially acts as an intermediate
rather than merely a spectator species, which the calculations
suggest is the case for other formate adsorption configurations.
Hence, here, the impact of the presence of Al on formate bind-
ing is discussed. On CZA, the stability of formate is calculated to
increase significantly on the Cu site (B), and to a lesser degree
on other sites. Yet, formate is slightly destabilized on the interfa-
cial A and C sites. This finding supports the hypothesis that the
prominent formate signatures observed spectroscopically cor-
respond to high concentrations of formate spectator species
bound on the Cu sites,[58] with the HCOO*B species as a predom-
inant being more stable than the interfacial HCOO*A relevant for
the mechanism (by more than 0.7 eV on CZ or 1.2 eV on CZA,
Table 4).

In comparison, formate binding at the interfacial A site is
modestly weakened when Al is present, with HCOO*A binding
more exothermically by 0.15 eV on CZ compared to CZA. No sig-
nificant changes were observed between the CZ and CZA model
systems in terms of the BCA, suggesting that a similar extent of
charge transfer from the surface to the adsorbate is required to
stabilize formate, but the energetics of this charge transfer pro-
cess differs on CZ compared to CZA, depending on the specific
binding site.

3.8. The Role of Water Related Species O*/OH*/H2O*

It is important to understand the nature of water and related
species on the surface of the CZ and CZA systems. Notably, the
adsorption of atomic O* at interfacial sites is enhanced for the
CZA system, with the interfacial O* being more stable than O* at
Cu sites by almost 1 eV. Moreover, the O* species is more exother-
mically bound at the interfacial A site on CZA by ca. 0.6 eV
compared to the same site on the CZ system. By contrast, the
most stable binding site for O* on the CZ surface is at the Zn site
(Table 5), which can be interpreted in electronic terms by con-
sidering the high electronegativity of O, and the most reducing
sites available on the two surfaces. For the CZ surface, the most
reducing sites correspond to the undercoordinated surface Zn
species,[35,106] which can undergo more complex oxidation to sta-
bilize surface O*, essentially resembling bulk ZnO. However, for
the CZA surface, the additional electron provided by Al, which
becomes localized at the Cu/ZnO interface (Figure 1 (II)) facilitates
stronger O binding. Hence for the CZA surface, the interfacial site
A yields the most exothermic binding energy for O*, indicating
the urgent need for an O*A scavenger in the mechanism.

Scavenging could potentially be achieved by adsorption of
H* and formation of OH*. Here, the calculations indicate that
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Figure 4. Scheme of possible reaction pathways for O/OH* scavenging of
the interfacial site A of CZA as shown in our publication.[58] Stabilities of
the species are given with respect to their reaction to CO2(g) +3 H2(g)

(=0 eV). Only processes involving O/OH* on the A site are shown; all
processes are listed in Table 2. Ea’s are listed in parentheses in eV (X),
process numbers in brackets [Y] and elementary processes are given above
the Ea’s. Only transition states and starting structures that change from CZ
to CZA are included in the Supporting Information of this manuscript.

OH* is also one of the most stable species on the A site, although
0.18 eV more stable on CZ than on CZA. A similar trend is
observed on the Cu site, suggesting that on the CZA, Cu plays
a more significant role in the stabilization of OH* rather than the
Zn component. Yet, the formation of OH*A from hydrogenation
of O*A is less exothermic and has a higher activation barrier for
CZA compared to CZ ([24], on CZA: Ea = 1.08 eV, �E = −0.30 eV
versus on CZ: Ea = 0.79 eV, �E = −0.66 eV).

Hence, given that there are other O*A scavenging path
options (Figure 4), the presence of Al could possibly limit poi-
soning of active interfacial sites by OH*, since OH* is less stable
on CZA and its formation is less exothermic and more energy
demanding. The BCA shows no big changes in the electron den-
sity donation and similar destabilization is seen for HCOO* and
MeO* on CZA versus on CZ. Further hydrogenation of OH* to
water on the A site is challenging on the CZA surface, as is the
case for the CZ system.[58] Although the hydrogenation of OH*A
is less endothermic (0.68 eV) on CZA, this process [25] has a
higher activation barrier (Ea = 1.51 eV) compared to that reported
for the CZ system (�E = 0.89 eV, Ea = 1.34 eV), and as such, the
process is unlikely to play a major role in the formation of water
on the A site. In contrast, the same process on Cu sites (process
[25B]) has a much lower activation barrier and thus is likely to be
more feasible for CZA (�E = 0.23 eV, Ea = 0.84 eV) compared to
CZ (�E = 0.23 eV, Ea = 0.91 eV), suggesting slow water formation
on Cu sites. For the coadsorption configuration OH* + H*, the
initial state for water formation, the results show that this coad-
sorption configuration is more stable on CZ compared to CZA
(Table 6).

The differences in the calculated adsorption and activation
of adsorbed water on the same interfacial site on CZ and CZA

are not significant for Cu sites (B-I and -II). However, the H2O
molecule bound at site C is much more stable on the CZA
than on the CZ model. As expected, and reported in our pre-
vious work,[58] the adsorption of water on the Cu/ZnO systems
is problematic, which is corroborated by our calculations. Water
formation appears particularly feasible on a site with a stronger
Zn site character (C), and to a lesser extent on Cu sites. The
relationship between adsorbate stability, and the extent of par-
tial reduction as evaluated from the BCA, is to be reversed for
H2O* compared to CO2*: while chemisorbed CO2* is found to be
highly stable, regardless of the extent of partial reduction, H2O*
adsorbed at the C site is less stable, despite a great extent of par-
tial reduction, as is evident from the BCA. In agreement, CO2* can
easily accommodate additional electron density by partial reduc-
tion of the C═O π* orbitals. For H2O, the lack of suitable empty
orbitals at low energy implies that the partial reduction leads
to a significant destabilization of the H2O* molecule (cf. OH*A
stability)

3.9. O/OH* Scavenging on Cu and Cu/ZnO Surfaces

With O* being moderately stable at the interfacial A site, there
must be other paths to restore the active site. The calculations
suggest that all the processes considered appear to be feasible
(some with low activation barriers, e.g., [38], others with mod-
erate activation barriers, [37], [39], [3-II], and some with much
higher activation barriers [40], Figure 4). These processes are
energetically favored by, e.g., the formation of highly stable
intermediates such as HCOO*, H2COOH*, H2COO*, or by the for-
mation of species that would be rapidly consumed immediately
after formation like CO2* or HCOOH*, thus favoring O* scaveng-
ing. CO2*, for example, would readily convert to formate (process
[37]). Similarly, any HCOOH* formed is likely to dissociate to
HCOO* and H* ([r15]), undergo hydrogenation to H2COOH* ([22]),
or dissociate to OH*A and HCO*B ([r42]) (Supporting Information,
Figure S4).

Hence, there are plenty of feasible processes to restore the
active interfacial site A for the methanol formation mechanism.

4. Summary and Conclusions

Our calculations provide further insights into the role of Al in
our model CZA catalyst, and thus by extension, the industrial
Cu/ZnO/Al2O3 catalyst used for methanol production. Although
alumina is often considered as a structural promoter, the present
work demonstrates how dilute Al can also act as an effective
electronic dopant of the catalyst, with the relative stabilities
of various key species being correlated with electronic interac-
tions that can ultimately enhance reactivity toward methanol
formation compared to the undoped CZ system.[58] The reper-
cussions vary between de/stabilization of key start- or, end states
and intermediates (formate, methoxy, CO*, CO2*, and formalde-
hyde), different transition states, e.g., slowing down processes of
MeO* hydrogenation to methanol favoring HCO* hydrogenation
to HCOH* or hydrogenation of H2COO* to H2COOH*. Adsorption
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Table 6. Energy of adsorption/formation and activation of species related to H2O(g) on CZ and CZA. Structures are closely related to the ones reported
for CZ.

Species Structure CZA CZ

OH* + H* �E/ eV βOH/H �E/eV βOH/H

OH*B + H*B-I −1.50 0.49/0.50 −1.57 0.51/0.86

OH*+ H* A −1.77 0.51/−0.20 −1.90 0.60/0.11

OH*+ H* D −1.95 0.47/−0.04 −2.11 0.38/−0.06

H2O* / Site �E/ eV βH2O �E/ eV βH2O

H2O B-I −0.36 0.09 −0.38 0.07

H2O B-II −0.57 −0.03 −0.64 0.14

H2O C −0.99 0.26 −0.50 0.34

geometries, as well as electronic bands of the doped system are
changed affecting the overall reaction to methanol formation.
Our analysis of every step toward methanol formation, empha-
sizes the electronic role of aluminium in comparison to the
undoped Cu/ZnO system previously reported.

We have found that the presence of Al can potentially
induce a deviation from the “classical” formate path for methanol
formation on the CZA model surface: The high stability of
the methoxy unit at the interfacial site A and the difficulty
of its hydrogenation to methanol makes MeO*A irrelevant for
the mechanism. Conversely, the hydroxymethyl intermediate,
H2COH*A, now plays the relevant role for methanol-formation,
avoiding the energy demanding methoxy hydrogenation. We
note that the calculations suggest that processes consuming the
H2COH*A species have low activation barriers and are likely to
occur rapidly, thus probably precluding its observation in surface
spectroscopic studies. Conversely, the highly stable and read-
ily observed MeO*A-moiety represents a mechanistic dead-end
for methanol synthesis, acting as a spectator or even poison,
rather than an intermediate. The results also demonstrate the
impact of the presence of Al on formate species, with the active
interfacial Cu/ZnO formate being destabilized, and thus more
active, while formate species located on other surface adsorption
site are stabilized to a greater extent. It is therefore proposed
that these nonactive spectator formate species correspond to
those reported from surface spectroscopy. Indeed, if methoxy
hydrogenation is avoided, the most energy-demanding process

calculated is instead the hydrogenation of formate to form diox-
omethylene (process [16], Ea = ∼1.10 eV) on the doped CZA
system. This change apparently makes the overall methanol
formation process faster and more selective on CZA than on CZ.

Furthermore, the RWGS-path including CO2 dissociation, and
subsequent CO hydrogenation, could also contribute to over-
all methanol formation, albeit as a minority pathway, with this
mechanism competing against the formate path. CO adsorbs on
the active site only with the help of O* increasing its Lewis acidic
character and can further react to HCO* until the formaldehyde
state is reached. That the RWGS path was found to potentially
contribute to methanol formation on CZA, and in contrast to
the CZ system, demonstrates the impact of a low levels of alu-
minium dopants (in our model a single atom in the bulk out
of a total of ∼260 atoms in the slab model) on possible surface
reaction pathways. As such, the results obtained in the present
work provide motivation for further experimental investigations
to understand better the role of dilute Al in the industrial CZA
catalyst.

Changes in stability are also reported for water and its related
species upon the introduction of Al. Although the formation of
water is expected on the Cu site of the CZA surface, as is the case
for CZ, for the CZA model system Zn sites also exhibit enhanced
water adsorption. The results suggest that the Cu/ZnO interfacial
site plays a lesser role in the formation of water, thus avoiding
potential competition between methanol and water formation.
The Cu/ZnO interfacial site shows nevertheless high stability for
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O* and OH* species. Though formation of the latter is energet-
ically demanding on the CZA interfacial site, its stability is high
overall on Cu. Yet, for the CZA model, OH* does not represent a
poison to the catalyst methanol active site, as our results also
show that O* scavenging processes are available, leaving OH*
formation step less feasible. However, it must be acknowledged
that while the results represent a complete electronic analysis
of the effects of Al on the system, the model applied in the
present work represents a minimal model intended to investi-
gate the impact of the presence of dilute Al in contrast with the
results obtained for the benchmark CZ system, and thus does
not include the structural effects of the dopant Al atom. In a real
catalyst system, isolated Al atoms are likely to be present at a
variety of different sites, including those at the surface, that may
have a high affinity for water, and therefore potentially “drown”
the catalyst surface. Further investigation into this phenomenon
is required, but lies outside the scope of the present work.

In conclusion, the present work demonstrates the electronic
role of Al in affecting the surface reaction processes relevant
to the formation of methanol on a model CZA catalyst surface
by enhancing the concentration of conduction band electrons
such that key intermediates, such as methoxy and formate, and
their H-coadsorbed counterparts, are stabilized or destabilized in
a way that favors a less energy-demanding mechanistic pathway
to achieve methanol formation. Our results show that aluminium
can influence selectivity toward methanol, and potentially even
provide an alternative to the established mechanism of forma-
tion avoiding the MeO*-unit, now assigned as spectator, and
allowing a contribution of the RWGS path, and increases the
activity due to lowering the overall reaction barriers. Even the
presence of dilute Al localized within the ZnO bulk site creates
a plate ensemble of opportunities to tune the catalyst of MeOH
formation, showing in the interfacial site the active site for MeOH
formation. This work represents a guide to understanding the Al
doping character on the electronic contributions, enabling scien-
tists to further understand complex mechanisms, which will be
explored in more detail in future work using kinetic Monte Carlo
techniques.
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