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A B S T R A C T

In the present context of environmental concerns, sustainable solutions must be proposed to dispose of waste 
CO2, a well-known greenhouse gas. Among the various emerging projects, upgrading CO2 molecule into high- 
value added chemicals appears to be very promising. More particularly, the carboxylation of aromatic com
pounds to (di-) acid aromatic monomers is of great interest for the high performance polymer industry. Focusing 
on the direct phenol carboxylation to para-hydroxybenzoic acid as a model reaction, the reactivity of ZrO2 was 
investigated in this paper, this material being recently reported in various experimental works for its catalytic 
efficiency. For the first time, we established the phenol carboxylation mechanism at the surface of a metal oxide 
material, showing that the reaction can only proceed through an Eley-Rideal mechanism. In this mechanism, CO2 
is strongly chemisorbed at the surface, whereas phenol is physisorbed close to the CO2 adsorbate. Besides, while 
the monoclinic and the tetragonal phases often coexist in ZrO2 particles, we demonstrated that only the 
monoclinic geometry exhibits a substantial activity. However, the selectivity remains a major challenge, the 
ortho- isomer being the most abundant product, as in the original Kolbe-Schmitt method. While most of the 
processes generally reported in literature for the direct carboxylation of phenol are achieved in liquid media, a 
very few theoretical knowledge is available to describe such a process at solid surfaces. Therefore, we expect the 
present manuscript to be a pioneer work, aiming at providing a better understanding of metal oxide surface 
reactivity, paving the road to the rational design of efficient solid catalysts for aromatics carboxylation reactions.

Introduction

In the current context of environmental concern, various methods 
have been proposed to dispose of carbon dioxide (CO2) waste and to 
valorize biomass [1,2]. Especially, bio-derived aromatic compounds can 
be carboxylated in order to be upgraded into monomers of interest to 
manufacture high performance polymers [3,4]. Such a strategy could 
limit resorting to fossil resources in the plastic materials industry, and 
would thus contribute to improve the environmental quality [5,6]. 
However, the direct carboxylation of aromatics faces major challenges, 
mostly related to the high stability of the CO2 molecule [7,8] and to the 
difficulty of aromatics’ C-H bond activation [9,10]. The catalyst rational 
design is thus of primary importance for this project, and it can be 
achieved combining experiment and computational chemistry tools [11,
12].

Among the various aromatic compounds of potential interest, a 
special attention shall be paid to phenol, since it can be derived from 
biomass [13]. While different methods are commonly used to produce 
such a molecule, recent bio-based strategies involving the lignocellulose 
decomposition have emerged [14]. Hence, the direct phenol carboxyl
ation starting from waste CO2 may be envisaged as an ambitious green 
process, leading to several aromatic carboxylic acids relevant to the 
chemical industry [15]. However, such a one-pot synthesis is very 
challenging, mostly in reason of the high stability of the CO2 molecule. 
Indeed, CO2 activation generally requires high temperature and pres
sure, including harsh conditions with strong bases and toxic halide 
precursors [16]. Therefore, in the current context of societal environ
ment concerns, developing an eco-friendly process for such a reaction is 
a necessity.

In a very recent study, Pandey et al. describe a novel synthesis 
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method for the conversion of phenol and CO2 into hydroxybenzoic acid 
(HBZA), catalyzed by Cu doped ZrO2 particles [17]. Unlike the 
well-known Kolbe-Schmitt process, operating in liquid phase with hy
droxide anions as homogeneous catalyst [18], their work does not 
require any strong base or toxic salt. While the para carboxylation is 
expected for various applications in the polymer industry [19], the ortho 
position appears to be generally more favorable, as resulting from the 
Kolbe-Schmitt reaction [16-18]. In the framework of heterogeneous 
catalysis, such a selectivity issue can be addressed by tuning the 
chemical properties of the catalyst surface, including the vacancy 
amount, the doping ratio and the dopant nature [20-22]. The aim of this 
paper is to use density functional theory (DFT) computation in order to 
understand ZrO2 reactivity, and the various parameters involved in its 
activity and selectivity. Further, such a knowledge will be of first 
importance for the rational design of metal oxide catalysts, with an 
appropriate doping ratio.

Considering pure ZrO2 as a reference model catalyst, we investigated 
the direct carboxylation of phenol into HBZA. Although the major part 
of this manuscript is devoted to the reaction mechanism identification, 
we first discussed the O vacancy effect on the surface reactivity. While 
the first two sections of this manuscript are related to monoclinic ZrO2, 
we also investigated in the last part the tetragonal phase reactivity. 
Indeed, both geometries share common borders in their phase diagram 
[23], and thus they are often found mixed together in ZrO2 nanoparticles 
[24,25].

Methods and materials

Computational details

This computational work was achieved with the VASP 5.4 package 
[26], using the Perdew− Burke− Ernzerhof (PBE) exchange− correlation 
(XC) functional [27]. All our calculations were performed in the periodic 
density functional theory (DFT) framework. Considering that several 
studies dealing with metal oxide materials include the Hubbard 
correction [28], we carried out some additional tests comparing simple 
DFT and DFT+U, both methods resulting in similar trends regarding 
ZrO2 reactivity (see section 1 in the Supplementary Information, SI). In 
the Monkhorst− Pack scheme [29], Gamma centered k-meshes of 25 ×
25 × 25 and of 5 × 5 × 1 points were set for bulk and slab computation, 
respectively. The projected augmented waves (PAW) formalism [30] 
was used to model the core-electron interaction, with a cutoff energy of 
400 eV. We considered an energy convergence criterion of 10-6 eV for 
electronic optimization, and a force convergence criterion of 0.05 eV/ Å 
for ionic relaxation. All those parameters lead reaction and activation 
energies to be converged in the range of ~0.05 eV. The Henkelman tools 
were used for the Bader charge analysis [31-33] and for the transition 
state search, achieved by the means of the nudged elastic band (NEB) 
[34,35] and the dimer methods [36] and then confirmed by frequency 
calculations revealing a single imaginary vibration mode. No zero point 
energy (ZPE) or entropy corrections were included in our results. Such 
an approximation is acceptable since all our energetics computations 
only deal with adsorbed intermediates, and are not referred to any gas 
phase species, hence limiting the potential errors related to the entropic 
effect. Finally, let us highlight that for each elementary step, reaction 
energy and activation barrier were assessed considering all the inter
mediate species adsorbed at different slabs, and not co-adsorbed 
together. Concerning the Eley-Rideal mechanism, the energetic refer
ence is the reactant with CO2 adsorbed in its most stable configuration, 
and phenol in gas phase

Material and surface structure

We focused on two stable ZrO2 geometries in the usual range of 
temperatures and pressures, namely the monoclinic and the tetragonal 
phases (respectively denoted m-ZrO2 and t-ZrO2, further) [37]. We first 

optimized the two bulk structures allowing the lattice parameters to 
relax. Regarding m-ZrO2, we reached a=5.14 Å, b=5.22 Å and c=5.32 Å 
for the lattice constants, and α=γ=90⁰ and β=90.42⁰ for the angles. 
Concerning t-ZrO2, we reached a=b=3.59 Å and c=5.21 Å for the lattice 
constants, and α=β=γ=90⁰ for the angles. All those computed values are 
in fair agreement with experimental reported data, attesting the validity 
of our calculation method [38,39]. Then, we created slabs, cleaving each 
of the bulks according to the (111) and the (101) facets for the mono
clinic and the tetragonal phases, respectively. Such surfaces are already 
reported in literature to be among the most abundant facets in m-ZrO2 
and t-ZrO2 nanoparticles [40,41]. The size of the cell was set to p(1 × 1) 
for m-ZrO2 (111) and to p(1 × 2) for the t-ZrO2 (101), hence reaching a 
similar coverage at both surfaces. Let us mention increasing the cell 
dimensions does not induce any major change in reaction energy or 
kinetic barrier assessment (see section 2 in the SI). Each of them includes 
four metal oxide atomic layers, none of them being constrained during 
the computational relaxation process, resulting in symmetric slab 
models. In addition, a fixed 15 Å vacuum layer was set above the surface 
to avoid virtual interaction between the periodic images in the z direc
tion. Regarding reactivity calculation, an extensive configuration 
pre-screening was achieved for every reaction intermediate and transi
tion state (IS and TS, respectively), and only the most stable adsorption 
mode was selected for each species. Also, while various O vacancy lo
cations were tested at the bare m- and t-ZrO2 slabs, only the most stable 
surface was finally retained for each phase to study the catalyst 
reactivity.

Results and discussion

In this section, we will demonstrate CO2 activation is made possible 
owing to the presence of O vacancies at the metal oxide catalyst surface, 
enabling a direct interaction between the C and the Zr atoms. The 
considerable adsorption strength of CO2 compared to phenol and other 
intermediates suggests an Eley-Rideal (ER) single step mechanism, 
rather than a Langmuir-Hinshelwood (LH) multistep process. Finally, 
while both the ZrO2 monoclinic and tetragonal phases are often reported 
coexisting and difficult to dissociate, we showed only the monoclinic 
phase is active in the phenol direct carboxylation reaction.

On the role of surface O vacancies

Since O vacancies are very common on ZrO2 surface [42], we 
addressed the reactivity of the perfect and defected m-ZrO2 surfaces. In 
both situations, we performed an extensive screening of the phenol and 
CO2 configurational space (see SI, section 5A). Concerning phenol, we 
identified two major modes of adsorption at the perfect surface, with the 
aromatic ring either orthogonal or parallel to the ZrO2 plan. The mole
cule is either stabilized by chemisorption through Zr-O binding or by 
physisorption via H bonds between the phenol OH group and some 
surface O atoms. The most stable configuration results in a weak binding 
energy of -0.37 eV. Regarding the O defected surface, C-C pi interactions 
with vacant Zr atoms are also observed, hence increasing phenol 
adsorption strength with an adsorption energy of -1.68 eV, and con
straining the molecule to adopt a adsorption mode parallel to the sur
face. Notably, although some metal sites are vacant following the 
surface O removal, it was not possible to stabilize any chemical bonding 
between the phenol OH group and the defected Zr atoms. Interestingly, 
considering the energy distribution of the various configurations, and 
especially the bottom range including the most stable and adsorption 
modes, we can see that most of the structures present very similar en
ergies, with slight discrepancies on the order of 0.10-0.20 eV both for the 
perfect and the defected surface. Such an observation attests the facile 
diffusion of phenol, especially at the perfect surface, and the difficulty to 
activate the aromatic ring C-H bond at ZrO2. The most stable phenol 
configurations are displayed below in the top panel of Fig. 1.

Regarding CO2, the molecule is very stable in the gas phase, and thus 
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is especially laborious to adsorb. Among the few configurations we 
identified at the perfect surface, the most stable exhibits a distorted CO2 
molecule, where its two O are connected to two distinct Zr atoms, and its 
C is linked with a surface O atom, resulting in a adsorption energy of 
-1.05 eV. However, the presence of an O vacancy at the surface brings to 
a tremendous stabilization of CO2 adsorbate, significantly increasing the 
Zr-C bond ionicity (see the Bader charge analysis in the SI, section 3) and 
decreasing the adsorption energy up to -3.26 eV. In the most stable 
adsorption mode, the two defected metallic sites establish a strong 
linkage with the adsorbate C and O atoms, hence bending the molecule 
skeleton and activating CO2 species. Therefore, O vacancies play a 
crucial role in metal oxide reactivity, especially for carboxylation re
actions, CO2 adsorption being the driving force of the reaction. The most 
stable CO2 configurations are displayed below in the bottom panel of 
Fig. 1.

The Langmuir-Hinshelwood vs. Eley-Rideal mechanism

Now we established the necessity of O vacancies to initiate the re
action, we will investigate the phenol carboxylation mechanism through 
two different widely known processes in heterogeneous catalysis, only 
focusing on the defected ZrO2 surface: the Langmuir-Hinshelwood (LH) 
[43] and the Eley-Rideal (ER) [44] mechanisms. We will first consider 
the carboxylation attack at the para- position, before envisaging the 
meta- and ortho- possibilities. All the IS and TS structure coordinates 
used for the various reaction pathways are reported in the SI, section 6.

The Langmuir-Hinshelwood mechanism
The LH mechanism is very common in heterogeneous catalysis. It 

generally consists in a multi-step process, where all the reacting in
termediates are chemisorbed at the surface. In the present situation, the 
phenol carboxylation reaction can be split in three major steps (see 
Fig. 2). First, an aromatic ring C-H bond is broken in phenol reactant, 
leading to an aryl intermediate. Second, the radical C atom is coupled 
with an adsorbed CO2 molecule, resulting in hydroxybenzoate (HBZ) 
species. Finally, the carboxylate group is hydrogenated, giving hydrox
ybenzoic acid (HBZA), the expected product. As a first general obser
vation, we can see none of the various steps is thermodynamically 
favored. Indeed, while the first two steps are almost athermic, the last 
one is highly endothermic with a reaction energy of +1.40 eV. However, 
the major limitation to the reaction arises from kinetics, all the steps 
exhibiting high barriers. Especially, a tremendous activation energy of 
3.52 eV is computed for C-C coupling, appearing to be the determining 
reaction step. Such barriers are clearly insurmountable, the highest 
values usually reported in heterogeneous catalysis barely exceeding 1.5- 
2.0 eV. The main difficulty of the LH mechanism relies on the stabili
zation of the aryl intermediate. Indeed, while it can be immobilized at 
the surface through a strong C-Zr binding following the first dehydro
genation step, the radical has to partially dissociate in order to couple 
with CO2 at the next step, hence resulting in a highly unstable TS. 
Although we only considered here the “direct” carboxylation route 
proceeding through a coupling between the aryl and CO2 species, similar 
conclusions were achieved when dealing with the “formic” carboxyla
tion route involving a coupling between the aryl radical and COOH in
termediate (see details in the SI, section 4). Therefore, the LH 
mechanism must be excluded at ZrO2 surface for the phenol carboxyl
ation, and another reaction route should be proposed.

The Eley-Rideal mechanism
The ER mechanism is not straightforward in heterogeneous catalysis, 

Fig. 1. Top view of the most stable configurations of phenol (top panel) and 
CO2 (bottom panel) adsorbates at the surface with no defects (left side) and 
with O vacancies (right side). For clarity reasons, only the ZrO2 topmost layer 
unit cell of the slab is represented. The “*” sign denotes the O vacancy location. 
Ball & stick color code: green, Zr; brown, C; red, O; pinkish, H.

Fig. 2. Langmuir-Hinshelwood mechanism illustrative scheme depicting the three major reaction steps, together with their corresponding reaction intermediates 
adsorbed at ZrO2 surface. For each step, the computed reaction energies (ΔE) and activation barriers (Ea) are presented (in eV). Regarding H adatom and CO2 species, 
the “*” sign indicates the species are chemisorbed and not in gas phase. The ball and stick models, with their coordinates are reported in the SI, section 6, for the 
different IS and TS structures.
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as it requires a strongly chemisorbed species at the surface, weakly 
interacting with another physisorbed reagent. Such a conformation 
gives rise to a concerted mechanism, instead of elementary reaction 
steps as in the previously described LH process. The general process is 
depicted in Fig. 3 with all the involved surface intermediates and TS. 
Here, since CO2 adsorption exhibits a decisive energetic advantage in 
comparison with phenol, we considered CO2 chemisorbed at ZrO2 sur
face in its most stable configuration, with a phenol molecule phys
isorbed at the top of it (see the reactant state in Fig. 3). We were able to 
identify a single TS, simultaneously achieving the aromatic ring C-H 
scission, the C-C binding between the aryl group and CO2 and the O-H 
bond making leading the final carboxylic acid. The interest presented by 
such a concerted step is to avoid the formation of any unstable radical 
intermediate, since all the reaction steps are simultaneously achieved. 
As a consequence, activation energies dramatically drop from 3.52 eV in 
the LH mechanism in the C-C coupling step, to 1.62 eV here in the ER 
model. Although this value is still quite high, such barriers are realistic 
and only require high temperatures (~400-600 K) to activate undoped 
ZrO2 catalyst. That is why metal doping elements are often necessary to 
reduce activation energies, as Cu in the case of phenol carboxylation 
[17]. Although it has been rarely observed in surface chemistry, such a 
concerted mechanism has already been reported at metal oxide catalysts 
for various reaction involving CO2 species [45,46].

The selectivity challenge
Now we unveiled the phenol carboxylation mechanism, it is possible 

to address the selectivity issue. Hence, following a similar ER process, 
we investigated the formation of three potential products, according to 
their carboxylation sites, namely para-, meta- and ortho- (leading to p- 
HBZA, m-HBZA and o-HBZA, respectively). As it can be seen in Fig. 4
(and in Table 1, further), all the species are equally favored by ther
modynamics, with exothermic heat of reaction ranging from -0.40 to 
-0.33 eV for each of them. However, regarding kinetics, p- and m-HBZA 
formation requires the highest activation energies, both of them on the 
order of 1.6-1.7 eV, whereas o-HBZA is clearly preferred with a much 
lower barrier or 1.36 eV. Such an observation can be explained by 
intramolecular H bonds appearing in o-HBZA between the -OH and 

-COOH groups, hence considerably stabilizing the TS in comparison 
with the two other products. This computational result highlights the 
major selectivity challenge of the phenol carboxylation, already 

Fig. 3. Eley-Rideal mechanism illustrative scheme depicting the various surface species and reaction steps involved in the phenol direct carboxylation reaction. 
Activation barrier (Ea) and reaction energies (ΔE) are provided in eV. Although it does not hold a real place in the reaction mechanism itself, we also reported the 
initial athermic diffusion step, allowing phenol physisorption. When appearing close to the name of a chemical molecule, the “*” sign denotes species chemisorbed at 
the surface. Ball & stick color code: green, Zr; brown, C; red, O; pinkish, H.

Fig. 4. Eley-Rideal mechanism reaction pathway energy diagram for the 
phenol direct carboxylation into p-, m- and o-HBZA (plotted in blue, green and 
red line, respectively). All the energies are referred vs. the most stable CO2 
adsorbate, the phenol molecule being in gas phase. Activation barriers (Ea) and 
reaction energies (ΔE) are provided in eV for the three reaction products. The 
three corresponding TS are represented by atomistic models, as well as the 
reactant state. Ball & stick color code: green, Zr; brown, C; red, O; pinkish, H.

Table 1 
Activation barriers (Ea) and reaction energies (ΔE) in eV, related to p-, m- and o- 
HBZA formation from phenol carboxylation at the monoclinic and the tetragonal 
ZrO2 phases (denoted m-ZrO2 (111) and t-ZrO2 (101), respectively)

Ea (eV) ΔE (eV)

m-ZrO2(111) t-ZrO2(101) m-ZrO2(111) t-ZrO2(101)

p-HBZA 1.62 1.98 -0.33 +0.20
m-HBZA 1.72 2.06 -0.37 +0.22
o-HBZA 1.36 1.61 -0.40 +0.18
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emphasized in the original Kolbe-Schmitt method more than a century 
ago [18]. Although o-HBZA has several applications, mainly in phar
maceuticals and cosmetics, m- and more specifically p-HBZA have a 
higher added-value due to their importance in the plastic and materials 
industry.

The monoclinic vs. tetragonal ZrO2 phase

According to thermodynamics, the ZrO2 monoclinic phase is the 
most stable at usual temperature (up to ~700-1000 ⁰C) and pressure 
(~1-5 bar) working conditions [37,47]. However, considering the 
existing border in such phase diagrams with the tetragonal phase, 
especially at high temperature (above ~700 ⁰C), the two phases are 
difficult to separate from each other and ZrO2 nanoparticles are often 
obtained as a mixture of both the monoclinic and the tetragonal phases 
after calcination [17,24,25]. Therefore, in a reactivity study dealing 
with metal oxide catalysts, it is crucial to determine the active phase.

In this section, based on the ER mechanism we identified above, we 
addressed the reactivity of t-ZrO2 (101) with O vacancies, regarding the 
phenol carboxylation reaction. The corresponding structures can be 
found in the SI, section 5B and 6. As observed in Table 1, whatever the 
carboxylation attack site, the process is endothermic and all the reaction 
energies are similar, close to +0.20 eV. While such reactions were shown 
to be highly exothermic previously at m-ZrO2 (111) (see Fig. 4 and 
Table 1), thermodynamics is not beneficial for the tetragonal phase. 
Regarding kinetics, the global trends previously observed for selectivity 
is still preserved, o-HBZA product being the less disfavored product 
compared to m- and p-HBZA. However, the barriers are generally 
significantly increased on t-ZrO2(101) in comparison with m-ZrO2(111), 
by an increment of +0.25-0.35 eV according to the product species, even 
reaching extreme values of ~2.0 eV for p- and m- HBZA. As a result, the 
tetragonal phase is clearly inactive in the phenol carboxylation reaction. 
While some computed kinetic barriers at the monoclinic phase can still 
be considered as quite high, especially for m- and p- HBZA, at least 
thermodynamically all the carboxylation reactions are all strongly 
exothermic whatever the attack site on the aromatic ring.

Conclusion

As a major achievement of this work, we unveiled the phenol 
carboxylation mechanism at ZrO2. We demonstrated the reaction can 
only proceed through an ER single step process, instead of the LH 
multistep model generally considered in heterogeneous catalysis. Such a 
conclusion mainly originates from the aryl radical intermediate insta
bility, stemming from the initial C-H bond scission at the phenol aro
matic ring. Therefore, although we established this result at pure ZrO2, 
we suggest a similar mechanism can remain valid at various other metal 
oxide surfaces, for chemical reactions involving C-C coupling between 
any radical and CO2 species. The predicted selectivity arising from the 
ER mechanism is consistent with the original Kolbe-Schmitt phenol 
carboxylation method, o-HBZA being clearly preferred in comparison 
with m- and p-HBZA. While similar global trends are observed both at 
the monoclinic and the tetragonal phases, we highlighted only the 
monoclinic geometry is active. This latter result is crucial since the two 
phases are often imbricated into each other in ZrO2 nanoparticles and 
difficult to isolate.

The supplementary information contains all the intermediate and 
transition state structures we considered in this study. The Bader charge 
analysis in provided in some specific cases. Also, some tests related to 
DFT+U and to the coverage effect are reported.
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