
Abstract: The methoxycarbonylation of anilines stands as an

attractive method for the phosgene-free production of car-

bamates. Despite the high yields obtained for ceria catalysts,
the reduction of the amount of side products and the pre-

vention of catalyst deactivation still represent major hurdles
in this chemistry. One advantage of ceria is the possibility of

tuning its reactivity by doping its lattice with other metals.
In the present work, a series of doped ceria-based materials,

prepared by substitution with metals, are evaluated in the

methoxycarbonylation of 2,4-diaminotoluene with dimethyl
carbonate. Among all catalysts, containing Eu, Hf, La, Pr, Sm,

Tb, Y or Zr, ceria promoted with 2 mol % Zr exhibited 96 %
selectivity towards the desired carbamates, improving the

pure CeO2 catalyst. Density functional theory demonstrates
that two descriptors are needed: 1) a geometric factor that

governs the reduction of energy barriers for carbamate for-
mation through ureas; 2) catalyst basicity as N@H bonds

need to be activated. Assessment in subsequent reaction
cycles revealed that the CeO2–ZrO2 catalyst is more stable

than bulk CeO2, along with the reduction of fouling process-

es.

Introduction

The development of efficient, green and sustainable methods

for preparing carbamates is an active field of research in indus-

try and academia due to their extensive use in the production

of commodity (e.g. herbicides and pesticides) as well as spe-

cialty chemicals (building blocks for the life-science sector).[1]

Their cleavage into isocyanates provides a means for the pro-

duction of polyurethanes with a market size of ca. USD 66 bil-

lion in 2018.[2] Although currently there are no alternative tech-
nologies available to phosgenation for manufacturing aromatic

isocyanates such as TDI (2,4-diisocyanato-1-methylbenzene)
and MDI (bis(4-isocyanatophenyl)methane), a plethora of cata-

lytic methods for transforming anilines into the corresponding
carbamates by alkoxycarbonylation have been reported in the

literature. Preparation methods based on homogeneous cata-

lysts are mostly governed by Zn-based materials[3] that, despite
providing higher conversions and selectivities, their recovery
and re-use is difficult. These issues can be overcome by
the use of heterogeneous systems (supported Zn(OAc)2,[4]

CeO2,[5] Au@CeO2,[6, 5b] ZnAlPO4,[7] [Zn]SiO2,[8] AlSBA-15,[9]

[ZnCO3]2·[Zn(OH)2]3,][10] (PbCO3)2·Pb(OH)2,[10] Bi/Yb/Ge/SiO2 com-

posite,[11] Zr-MOF-808@MCM-41,[12] Zn/Al/Ce mixed oxide[13]) at
the expense of decreased yields.

CeO2 is used as a support, stabilizer, promoter or catalyst

owing to its unique structural and electronic properties.[14] It is
a key ingredient of many heterogeneous catalysts for a variety

of reactions, including the purification of exhaust automotive
gases in three-way catalytic converters, the preferential oxida-

tion of CO in oxygen-rich streams, the production of hydrogen

in low-temperature solid fuel cells, the oxidation of HCl[15] and
the high-temperature electrocatalytic water splitting reaction

(WSR).[16] By combining experiment and theory, our groups re-
ported the reaction mechanism of CeO2 in the methoxycarbo-

nylation of the industrially relevant aniline 2,4-TDA (4-methyl-
benzene-1,3-diamine) with DMC (Scheme 1).[5c] In this reaction,
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the success of CeO2 stems from its ability to cleave the me-
thoxycarbonylating agent (i.e. ; DMC) into reactive methoxycar-

bonyl groups that are transferred to an aromatic amino group
with the formation of a carbamate. Part of these carbamates
react to form productive ureas, unprecedented intermediates
that can be methoxycarbonylated and reversely transformed

into carbamates. Overall, our studies demonstrated that me-
thoxycarbonylation of 2,4-TDA using nanocrystalline CeO2 led

to ca. 90 % yield of carbamates and 10 % of side products,
mainly N-methylated carbamates and (N-methylated) ureas, al-
though the formation of carbonaceous deposits along with

the surface reconstruction lead to the deactivation of the cata-
lyst upon subsequent cycles. The stability of CeO2 has been

also compromised under high-temperature conditions, as
those reached in the vehicle exhaust due to particle sinter-

ing,[17] or in the oxidation of HCl as CeO2 tends to form chlori-

nated species at the surface and the bulk.[18] To enhance the
stability, doping of the CeO2 by substitution of lattice Ce ions

with Zr and/or other rare earth elements via the formation of
solid solutions is commonly applied.[19] We hypothesized that

doping ceria with alio- or isovalent metal oxides would trans-
late into a modification of the distribution of the vacancies at

the surface, which have proven to be important in the genera-
tion and subsequent transfer of the methoxycarbonyl and car-

bamate groups.
In this study, we have prepared, characterized and evaluated

as methoxycarbonylating catalysts an array of nanocrystaline
CeO2 materials, which have been doped at different levels with
a number of metal (Eu, Hf, La, Pr, Sm, Tb, Y or Zr). The efficien-
cy of the best-performing CeO2-ZrO2 material has been ration-

alized by DFT and compared to that of pure CeO2. Assessment
of the structural stability upon subsequent cycling was also
conducted.

Results and Discussion

Preparation and characterization of Ce1@@xMxO2 catalysts

Mixed CeO2–MyOz systems (Ce1@xMxO2) with metal M contents
ranging from 1 to 10 mol % (i.e. 0.01 ,x,0.1; x = molar ratio),

where M stands for Eu, Hf, La, Pr, Sm, Tb, Y or Zr,[20] were pre-
pared by the co-precipitation method in the presence of H2O2.

XRD analysis of the Ce1@xMxO2 materials with 2 and 5 mol %
(x = 0.02 or 0.05) metal content evidenced the characteristic re-

Scheme 1. Simplified reaction network of the methoxycarbonylation of 2,4-TDA with DMC employing Ce1@xMxO2 as catalysts (for the detailed list of structures,
see the Supporting Information).
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flections of the cubic fluorite structure of CeO2, regardless of
the nature and loading of the dopant (Figures S1 and S2). In all

cases, the peaks were relatively broad, suggesting their small
particle size, which is in line with the crystallite size estimated

by the Scherrer equation (&10 nm). The total surface area
ranged from 67 to 75 m2 g@1, which was comparable to that of
the bulk CeO2 prepared by precipitation (SBET = 70 m2 g@1).
HRTEM of the catalyst with 2 mol % zirconium content revealed
the presence of irregularly shaped polyhedral particles of varia-

ble diameter (10–40 nm), whose dominant lattice fringes
(0.31 nm) corresponded to the (111) facet (Figure 1). Energy-

dispersive X-ray spectroscopy (EDS) chemical mapping evi-

denced the homogeneous distribution of zirconium over the
CeO2 particles (Figure 2).

Catalytic evaluation of Ce1@@xMxO2

Ce1@xMxO2 catalysts with a metal M content of 2 and 5 % were
evaluated in the methoxycarbonylation of 2,4-TDA with DMC,

both as reagent and solvent (30 equiv of DMC with respect to
2,4-TDA), under standard screening conditions for this chemis-

try: 20 m2 per mmol of 2,4-TDA, 413 K, 7.5 h (see Experimental
Section for details). A summary of the results obtained is
shown in Figure 3 and Table S1. Whilst Pr- and Sm-doped ceria

showed the same activity as CeO2 (83 % of BC and 90 % of
combined yield, MC1 + MC2 + BC), the rest of the doped sys-
tems evidenced higher selectivity to carbamates. The Zr-doped
ceria with 2 mol % Zr showed the best performance in the me-

thoxycarbonylation of 2,4-TDA (96 % combined yield of carba-
mates), whilst combined yields ranging from 92 to 93 % were

observed for the rest of the other ceria-doped materials. For

instance, Eu- and Hf-doped materials evidenced 93 % com-
bined yield of carbamates and higher amounts of not fully me-

thoxycarbonylated 2,4-TDA, that is, +10 % of MC1 plus MC2 in

Figure 1. HRTEM of Ce0.98Zr0.02O2 in fresh form. The inset corresponds to the
perspective view of the (111) surface. Color code: Ce (cream), O (red), Zr
(blue).

Figure 2. HAADF STEM images (left) and elemental maps (middle and right) of Ce (red) and Zr (green) of the Ce0.98Zr0.02O2 catalyst.

Figure 3. Plot of the combined yield of mono- and biscarbamates using
Ce1@xMxO2 with 2 mol % metal (green line) or 5 mol % metal (red line) as cat-
alysts in the methoxycarbonylation of 2,4-TDA with DMC. Dotted blue line
represent the results obtained for CeO2.
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contrast to the Zr-doped material for which only 8 % of MC1
plus MC2 was detected.

The impact of different contents of Zr, i.e. , 0<x,0.1, with x
being molar ratio of Zr, on the catalytic performance was stud-

ied. The results showed a maximum in BC and combined
yields for the sample with 2 mol % (x = 0.02) Zr loading (88 and

96 %, respectively). Increasing amounts of Zr led to a lower
yield of BC (78 % at x = 0.1) than that obtained using pure

CeO2. The activity towards methoxycarbonylation decreased

with the increase of Zr loading as the amounts of not fully me-
thoxycarbonylated 2,4-TDA increased and, thus, the combined
yield of MC1 and MC2 increased. The formation of undesired
N-alkylated carbamates (see Scheme 1 for the structures) is not
affected by the Zr doping level as the same amount was de-
tected regardless the Zr loading (Figure 4). Similarly, the

amount of productive ureas detected at the end of the reac-

tion was also independent of the Zr doping level (contents
<1 mol %). In contrast, the amounts of unproductive ureas

(see Scheme 1 for the structures) showed a minimum yield of
ca. 2 % for the best-performing material (Ce0.98Zr0.02O2). Higher

Zr loadings led to increased amounts of unproductive ureas
(ca. 4 % yield of unproductive ureas with the Ce0.9Zr0.1O2 cata-

lyst, Figure 4).

When Ce0.98Zr0.02O2 was used as catalyst, the substrate was
fully converted and 88 % of BC and 8 % of the mixture of MC1
and MC2 were formed (Scheme 1). Along with the desired
products, ca. 7 mol % of side products (3 mol % of N-methylat-

ed carbamates, ca. 3 mol % of (N-methylated) ureas and less
than 1 mol % of unidentified compounds) were also detected

in the final methoxycarbonylation reaction mixture.[21] Thus, by

using Ce0.98Zr0.02O2, the selectivity towards the desired com-
pounds increased by 6 % and the formation of side products

diminished by 2 % with respect to the reference CeO2 material.
The results with Ce0.98Zr0.02O2 were reproducible and the stan-

dard deviation values for the yields of MC1, MC2, and BC after

6 independent runs were ca. 1 % for BC and ca. 1 % for the
sum of MC1 and MC2.

In this complex reaction scenario, 2,4-TDA was first convert-
ed to monocarbamates (MC1 or MC2), which then underwent

a second methoxycarbonylation reaction at longer reaction
times towards the final BC product (direct pathway;
Scheme 1). Along with this path, monocarbamates reacted
with themselves or with 2,4-TDA to form urea-containing com-
pounds (i.e. ; the so called productive ureas), which can be me-

thoxycarbonylated and further evolved to the desired biscarba-
mate BC by cleavage with MeOH in the presence of the cata-
lyst (urea pathway; Scheme 1). The important amounts of pro-
ductive ureas detected in the reaction mixture (ca. 12 mol % of
non-methoxycarbonylated ureas such as PU1 and its positional
isomers[21] at 15 min, ca. 8 mol % of the mono(methoxycarbo-

nylated) analogues of PU1 and their positional isomers[21] at ca.

50 min and ca. 6 mol % of bis(methoxycarbonylated) analogues
of PU1 and their positional isomers[21] at ca. 100 min; see Fig-

ure 5 a) highlight the relevance of the urea pathway in the
overall transformation of 2,4-TDA into BC.

Figure 5. (a) Concentration profiles of productive ureas as a function of reac-
tion time. Solid lines represent the results obtained with Ce0.98Zr0.02O2 and
dotted lines those obtained with CeO2. Lines correspond to eye guidelines.
(b) Energies of the involved processes in the production of ureas. Plain bars
represent activation energies, Ea, and stripped bars represent reaction ener-
gies, DE.

Figure 4. Combined yield of carbamates (blue line), yield of BC (red line),
yield of MC1 + MC2 (orange line), yield of N-methylated carbamates (dark
green line), yield of unproductive ureas (light green line) and yield of pro-
ductive ureas (pink line) versus the zirconium content for Ce1@xZrxO2 cata-
lysts.
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Role of zirconium as selectivity enhancer

The effect of Zr doping on the product distribution was ration-
alized by means of DFT. The reaction mechanism previously re-

ported for the methoxycarbonylation of 2,4-TDA with DMC
over CeO2 was simulated on the Zr-doped CeO2(111) surface,[5c]

as this surface is the only one exposed to the reagents in the
fresh material, Figure 1. In the coprecipitation synthetic proto-
col, the final distribution of Zr atoms (either surface or subsur-

face position) depends on the segregation energy, which for
the CeO2(111) facet is 0.12 eV more stable for Zr being located

in subsurface (and bulk) positions, in agreement with previous
studies.[22] Accordingly, the Boltzmann distribution indicates

that at 298 K (the material is synthesized at room temperature)
around 99 % of Zr atoms are placed in subsurface (or bulk) po-

sitions. Moreover, EDS chemical mapping evidenced the high

degree of dispersion of Zr over the bulk CeO2 (Figure 2). Thus,
the mechanism was assessed in supercells with a single Zr

atom replacing a subsurface Ce atom. Both Ce and Zr have the
same oxidation states and therefore, this substitution consti-

tutes an isovalent doping.[23]

The introduction of Zr atoms in subsurface positions does

not produce changes in the reaction steps previously de-

scribed for the pristine CeO2(111) surface. They were simulated
on surface positions next to the Zr atom, where small structur-

al (bond lengths) and electronic (Bader atom charges) differen-
ces were found[23] (Table S2). The direct pathway on the Zr-

doped surface (Scheme 1) has slightly smaller adsorption ener-
gies with respect to pristine CeO2(111) (Figure S3 and Table S3).

Adsorption energies of DMC and carbamates through the C=O

group, which interacts with a Ce@Olatt unit forming C@Olatt and
O@Ce bonds, are about 0.1 eV smaller on the doped surface

than on pristine CeO2(111) due to the combination of shorter
Ce@Olatt bonds (by 0.02 a in the clean surfaces, Table S2) and

slightly smaller positive charge density on the Ce atoms (Bader
charges are 2.39 and 2.37 je@ j in reactive Ce centers for pure

and Zr-doped CeO2, respectively, Table S2). Adsorption of 2,4-

TDA and carbamates through the amino group on Ce cations
results in adsorption energies &0.02 eV smaller than on the
undoped CeO2 surface (the difference is small, but a clear
trend is observed) due to the smaller positive charge of the Ce

cations in the doped system. On the other hand, a systematic
decrease of 0.02 eV in the activation and reaction energies for

-NH2 dissociation steps is observed. For methoxycarbonylation
reactions, values for activation and reaction energies are very
similar to those described for pure CeO2 and no clear trends

are obtained (Figure S3 and Table S3). Reaction energy profile
is shown in Figure S4.

In addition to the direct pathway, the final product can be
formed through the intermediacy of urea derivatives, as de-

scribed above, which are cleaved into carbamates by methanol

in the presence of the catalyst (urea pathway, Scheme 1). Ureas
are formed by the condensation of the activated amino group

of 2,4-TDA (or monocarbamates) with the carbamate group of
monocarbamates (or biscarbamate). The adsorption energies

of these compounds through amino or C=O groups follow the
same trends described for the main path. However, the activa-

tion energies for urea formation (0.32 eV) and the methoxycar-
bonylation of these urea derivatives (0.28 eV) are 0.05 eV lower

than in the undoped system (activation energies of 0.37 and
0.33 eV for urea formation and urea methoxycarbonylation, re-

spectively, on the pristine CeO2(111) surface (Figure 5 b). More-
over, the thermodynamics of these condensation steps is

slightly favored on the Zr-containing ceria being 0.08 and
0.06 eV more exothermic for the urea formation and methoxy-
carbonylation, respectively. Thus, the thermodynamic equilibri-

um is displaced by a factor of 9.5 and 5.4, respectively, towards
the condensation products (Figure 5 b) and thus the urea path-

way is promoted on this system. The enhancement of the urea
pathway on the doped system is linked to the shorter Ce@Olatt

bond resulting in slightly smaller displacement of aromatic
units during the C@N bond formation. Due to the large size of

the ureas, this smaller displacement reduces the activation en-

ergies. Therefore, the urea reactivity is governed by a geomet-
ric descriptor.[23, 24] The energy profile for urea formation and

further methoxycarbonylation is shown in Figure S5. Finally,
the methylation of 2,4-TDA and MC2 towards the correspond-

ing side products on the doped system was also studied. Al-
though the activation energies are reduced on the doped cata-

lyst to 0.80 and 0.95 eV for methylation of 2,4-TDA and MC2,

respectively, they are still too high to compete with the selec-
tive mechanism.

In summary, the main difference with respect to the reactivi-
ty on the undoped CeO2(111) is observed in the condensation

pathway. Ureas are kinetic products that are mainly formed at
the first stages of the reaction and are cleaved into MC1, MC2
or BC in the presence of catalysts at longer reaction times,

until they reach the thermodynamic equilibrium. DFT predicts
a faster formation of ureas followed by their methoxycarbony-

lation and further cleavage in carbamates. These observations
are in agreement with the experimental data, which evidenced

higher concentrations of ureas along the reaction coordinate
at earlier reaction times over the Zr-doped material (Figure 5 a).

Indeed, during all the catalytic process, the yields of MC1,

MC2, BC and productive ureas were higher for the doped
system. Therefore, the presence of Zr centers in the ceria accel-

erates the reaction rate of the urea pathway, but it has no sig-
nificant effects in the direct pathway. The faster formation of
ureas and methoxycarbonylation of their amino groups, which
favors the formation of selective products against methyla-
tions, could explain the superior performance observed for the

doped system.
Activity analysis to search for a descriptor can be done once

the mechanism is understood. In our case, alio- and isovalent
dopants need to be separated first since the catalytic response
of 3 + cations affects many factors. For the remaining systems,
the descriptors need to account for both the direct path and

the condensation one (PU). For the ureas path, a simple geo-
metric descriptor qualitatively indicates that the highest activi-
ty of Zr-doped catalyst is due to shorter Olatt@Ce bond dis-

tance; this is because of the large size of the organic frag-
ments, which are strongly bound to the surface and, therefore,

the smaller the path in the rearrangements makes the PU for-
mation more effective. However, due to the delicate balance

http://www.chemeurj.org


between the direct and condensation path, this descriptor
cannot explain the activity of all doped systems. As the first

step in the reaction network implies the activation of the N@H
bond, we have investigated the acid-base properties of the dif-

ferent surfaces. Particularly, the basicity of surface oxygens[25]

can be theoretically measured by the O(2p) band center[23]

(Table S4). Thus, a collective descriptor[24] that includes the
bond distance and O(2p) band center was applied to isovalent
dopants giving a good correlation with the catalytic per-

formance (Figure S6). Therefore, in order to be successful, the
dopant needs to enhance the basicity (small O(2p) value) and

reduce the Olatt@Ce bond distance.

Reusability of the Zr-doped CeO2 catalyst

Regarding the stability of the Zr-doped ceria with 2 mol % Zr

loading, the impact of 6 consecutive catalytic cycles on the
conversion and selectivity was evaluated. After each run, the

catalyst was recovered and cleaned. The surface area suffered
slight variations after each cycle and, therefore, the amount of

catalyst was adjusted to 20 m2 mmol@1 of 2,4-TDA prior to be
used in the next cycle. The results of the recyclability evalua-
tion of Ce0.98Zr0.02O2 have been summarized in Table 1. The cat-
alytic performance was retained during 3 cycles and steadily
decreased during the following cycles. Thus, in the 6th cycle,

only 75 % of 2,4-TDA was converted, whereas the selectivity

strongly decreased to 4 % of BC and 16 % of combined yield of
mono- and biscarbamates and the methylated compounds

reached 38 % (Table 1). Although analogous behavior was re-
ported for the CeO2 reference material,[5c] the activity and se-

lectivity decreased to a lower extent in the case of the Zr-
doped catalyst, as shown in Figure 6 a. The yield of BC and the

combined yield of carbamates was higher in the Zr-doped cat-
alyst than in CeO2 in the first 5 cycles. Moreover, although TGA
analyses revealed the increased amount of carbon deposits

with the number of cycles (from 13.4 wt.% after 3 cycles to
17.7 wt % after 6 cycles, Figure 6 b), they were lower than
those detected for the pure CeO2 material (17.7 wt.% versus
24.1 wt.%).

The stability of Ce0.98Zr0.02O2(111) and its possible restructur-
ing towards (100) surface was studied since the appearance of

(100) surface after several catalytic runs is related with the for-

mation of methylated species in the CeO2 system.[5c] This is in
line with the high formation of methylated species observed

experimentally over CeO2 nanocubes,[5a] which mainly expose
this face. The (100) surface has intrinsic vacancies that promote

the formation of surface methyl groups Olatt@CH3, which can
act as methylating agents. The Ce0.98Zr0.02O2 catalyst used after

6 cycles was examined by HRTEM, revealing the presence of

the (100) surface (Figure 7 a), which is indeed related with the
increase of methylated carbamates and ureas observed upon

recycling. The adsorption of DMC stabilizes the catalyst surfa-

Table 1. Recycling results of Ce0.98Zr0.02O2 in the methoxycarbonylation of 2,4-TDA with DMC.[a] Values are expressed as an average of at least two inde-
pendent runs. The structures corresponding to each group of compounds are detailed in the Supporting Information.

Cycle SBET
[b] [m2 g@1] X2,4-TDA

[c] [%] YMC
[d] [%] YBC [%] YMeTDA [%] MeC[e] [area %] PU + UU[e] [area %] Unknown[e] [area %] Cbal

[f] [%]

#1[g] 69 100 8 88 0 3 2 <1 101
#2 56 100 14 76 0 4 3 1 98
#3 56 100 13 79 0 4 2 1 99
#4 60 99 40 40 1 7 4 2 97
#5 52 98 32 22 2 12 5 3 78
#6[h] 71 75 12 4 9 29 2 9 90

[a] Reaction conditions: DMC :2,4-TDA = 30:1, catalyst loading = 20 m2 per mmol of 2,4-TDA, 413 K, 7.5 h, autogenous pressure. [b] Surface area of the cata-
lyst prior to each catalytic cycle. The weight of catalyst added to the reaction mixture was varied in the range of 0.84–1.26 g, in order to keep a fixed ratio
of 20 m2 per mmol of 2,4-TDA. [c] Conversion of 2,4-TDA. [d] Corresponds to the sum of the yields of the para- and ortho- isomers. [e] Not quantified, re-
sults are expressed as area%. [f] Sum of all the detected species. ; Cbal = (100-XTDA) +SYMC,BC,MeTDA +Sarea%MeMC, MeMC, PU, UU, unknown. [g] The results were repro-
ducible and the standard deviation values for the yields of MC1, MC2, and BC after 6 independent runs were 0.4 % for the sum of MC1 and MC2, and
1.3 % for BC. [h] The values of the sixth cycle correspond to the results after regeneration of the catalyst with DMC.

Figure 6. (a) Evolution of the yield of BC and combined yield of carbamates over Ce0.98Zr0.02O2 upon consecutive cycles. Dashed lines stand for the evolution
over CeO2. (b) Thermogravimetric analysis (TGA) in air atmosphere of Ce0.98Zr0.02O2 after being used in the methoxycarbonylation of 2,4-TDA with DMC in dif-
ferent cycles. The values of the 6th cycle correspond to the results after regeneration of the catalyst with DMC.
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ces and reduces the surface energy in a proportional extent to
its adsorption energy. DFT simulations showed large differen-

ces for DMC adsorption energy on (111) and (100) surfaces,
either for Zr placed in surface position (@1.59 and @3.30 eV, re-

spectively) or subsurface position (@0.87 and @2.90 eV, respec-

tively). Therefore, both surfaces are stabilized in a different
extent resulting in a thermodynamic factor of shape control
that leads to surface restructuration.[26, 27] The presence of Zr at
medium/low coverage does not produce significant changes in

the surface energies of the clean catalyst for both surfaces
with respect to CeO2 (Figure S7) and the Wulff construction

shows only the (111) facet, in line with high-resolution micro-
graphs (Figure 1). The impact of DMC coverage in surface en-
ergies was simulated for Zr atoms placed in both surface and

subsurface positions (Figure 7 c). With Zr placed in surface
layer, medium DMC coverage (qDMC = 0.25) reduced the surface

energies to 0.52 and 0.83 J m@2 for (111) and (100) surfaces, re-
spectively. With Zr placed in subsurface, the effect was slightly

lower and the obtained surface energies were 0.62 and

0.92 J m@2 for (111) and (100) surfaces, respectively. Thus, Wulff
constructions at qDMC = 0.25 predict a lower exposure of (100)

surface; 1.1 and 3.7 % of (100) surface for Zr located in surface
and subsurface layer, respectively (Figure 7 d). These values are

lower than the 4.2 % of (100) predicted for plain CeO2. There-
fore, the presence of Zr increased the catalyst stability by re-

ducing the appearance of (100) surface, in line with the lower
amount of methylated products and carbon deposits observed

experimentally after several cycles. The treatment of fresh
Ce0.98Zr0.02O2 catalyst with DMC in the absence of any other
compound during 42 h (the time corresponding to 6 catalytic

cycles) confirmed the restructuration of the surface induced by
the solvent, as shown by the (100) surface appearance in the
HRTEM micrograph (Figure 7 b).

Conclusions

A series of Ce1@xMxO2 catalysts (M = Eu, Hf, La, Pr, Sm, Y, Zr, or
Tb, 0.01,x,0.1) have been prepared, characterized and as-
sessed in the methoxycarbonylation of 2,4-TDA with DMC for

the production of isocyanate precursors. Zirconium-doped
CeO2 outperforms the rest of the investigated systems in terms

of the yield of BC and combined yield of carbamates. Among
the different Zr contents studied, a Ce/Zr molar ratio of 98:2

proved to be the optimal, as higher amounts of Zr led to

lower amounts of fully methoxycarbonylated 2,4-TDA and in-
creased amounts of side products. Overall, the best-performing

catalyst led to 96 % selectivity to carbamates whereas 90 % se-
lectivity was obtained for the pure CeO2 material. The amount

of side products over this system were reduced by 2 % with re-
spect to CeO2. The improved catalytic performance was ration-

Figure 7. HRTEM of Ce0.98Zr0.02O2 after (a) 6 consecutive cycles and (b) a 42 h treatment with DMC. (c) (111) and (100) surface energies as function of the time
for the doped catalyst with Zr atom placed in surface (s) or subsurface (ss) layer. (d) Wulff constructions for CeO2 and Ce0.98Zr0.02O2 for qDMC = 0.25 and percent-
age of each surface: (111) in blue and (100) in green.
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alized by density functional theory, which evidenced a more
energetically favorable path through the urea pathway than in

the case of CeO2. In general, the formation of the desired prod-
ucts depends on two descriptors for isovalent dopants, the ba-

sicity of the centers (ability to activate N@H bonds), promoting
all the reactions, and the surface geometric factors (Olatt@Ce
distances), which become important due to the large size of
urea molecules. Recyclability tests indicated that the conver-
sion of the substrate and the selectivity to carbamates de-

creased after 3 cycles, which was related to the increased for-
mation of carbonaceous residues on the surface, thus reducing

the catalyst activity, together with the surface restructuring to-
wards the unselective (100) surface after DMC exposure, which
reduces the catalyst selectivity. Whereas the fresh catalyst
mainly exhibited the (111) facet, repeated exposure to DMC
evidenced the occurrence of the oxygen-defective (100) facet.
In line with the experimental evidences, the presence of Zr
atoms on the surface and in the subsurface has been predicted
to reduce the surface restructuring process with respect to the
stoichiometric CeO2, with overall decreased deactivation rate

for the Ce0.98Zr0.02O2. Our study not only identifies key aspects
for the improvement of the performance of CeO2-based cata-

lysts through the analysis of the energetic profile of the urea

pathway, but also in the phase stabilization of the (111) facet
of the catalyst.

Experimental Section

Catalyst preparation and characterization : Mixed CeO2-MyO2 sys-
tems (Ce1@xMxO2) with metal contents of 2 and 5 mol %, where M
stands for Eu, Pr, Sm, Tb, La, Y, Hf or Zr, were prepared by the co-
precipitation method in the presence of H2O2 following a reported
protocol.[29] Additional catalysts with 1 and 10 mol % Zr were pre-
pared. In a typical synthesis, Ce(NO3)3·6 H2O (99.5 %, Acros) was dis-
solved in deionized water (in a weight ratio of 1:10) under stirring
at room temperature, while the metal nitrate solution (ZrO(NO3)2

(35 % in diluted nitric acid, Sigma–Aldrich; Eu(NO3)3·6 H2O, 99.9 %,
ABCR; Pr(NO3)3·6 H2O, 99.9 %, Sigma–Aldrich; Sm(NO3)3·6 H2O,
99.9 %, Acros Organics; Tb(NO3)3·5 H2O, 99.9 %, Sigma–Aldrich;
La(NO3)3·6 H2O, 99.999 %, Acros Organics; Y(NO3)3·6 H2O, 99.9 %,
ABCR) was added. For the preparation of Hf-doped CeO2, HfCl4

(99.9 %, Strem Chemicals) was used as precursor. Hydrogen perox-
ide (35 %, Sigma–Aldrich) was poured into the solution to obtain a
molar H2O2 :(Ce++M) ratio of 3:1. The precipitation was obtained by
adding aqueous NH4OH (30 %, Sigma–Aldrich) until the pH equaled
to 10.5. The slurry was stirred for 4 h at room temperature and the
precipitate was separated by filtration, washed with deionized
water, dried at 373 K in static air for 12 h and calcined at 773 K
(heating rate = 5 K min@1) in static air for 5 h.

Powder X-ray diffraction (XRD) was measured using a PANalytical
X’Pert PRO-MPD diffractometer and Cu-Ka radiation (l=
0.15418 nm). The diffraction data was recorded in the 10–708 2q

range with an angular step size of 0.0178 and a counting time of
0.26 s per step. N2 sorption at 77 K was measured in a Micromerit-
ics TriStar II analyzer. Prior to the measurement, the solid was out-
gassed at 573 K for 3 h. The Brunauer–Emmett–Teller (BET) method
was applied to calculate the total surface area, SBET, in m2 g@1. Sam-
ples for high-angle annular dark-field (HAADF) scanning transmis-
sion electron microscopy (STEM) and high-resolution transmission
electron microscopy (HRTEM) studies were prepared by dusting re-

spective powders onto carbon coated copper grids. Imaging was
performed on a Talos F200X instrument operated at 200 kV and
equipped with a FEI SuperX detector. The content of residues in
the used catalysts was determined by thermogravimetric analysis
(TGA) using a Linseis TGA PT1600 thermobalance. The solid (ca.
25 mg) was placed in an alumina crucible and heated in 5 vol. %
O2/Ar (300 cm3 STP min@1) from ambient temperature to 1173 K at
10 K min@1.

Evaluation of catalytic performance and product analysis : Me-
thoxycarbonylation reactions were performed in a 25-cm3 stainless
steel autoclave (Berghof high-pressure reactor BR-25). In a typical
experiment, the catalyst was placed in the Teflon vessel along with
2,4-TDA (396 mg, 3.2 mmol, Sigma–Aldrich, 98 %) and the required
amount of dry DMC (8.2 cm3, 97.2 mmol, Sigma–Aldrich, 99 %,
<30 ppm final water content). The total surface area was mea-
sured prior to the reaction and the amount of catalyst was adjust-
ed accordingly in order to keep a fixed ratio of 20 m2 per mmol of
2,4-TDA. Then, the autoclave was closed, placed in an aluminum
heating block and purged with N2. Stirring was then started
(810 rpm) and reaction times up to 10.5 h were studied. The tem-
perature was controlled by a thermocouple connected to the heat-
ing plate. After the desired reaction time the autoclave was re-
moved from the heating block and cooled down in an ice-water
bath for a minimum of 30 min. The solid catalyst was then recov-
ered by filtration and the Teflon vessel and the solid residue were
washed with acetone (5 times, 5 cm3). The combined organic frac-
tions were collected and concentrated under vacuum to give the
reaction mixture. The composition of the reaction mixture and de-
termination of the yields of 2,4-TDA, MC1, MC2 and BC was per-
formed following an already reported method from our group.[3-

a, c, 5c] The recovered catalyst was dried in air atmosphere at 393 K
for 1 h prior to its storage or further reuse. For sequential catalytic
reactions, the experiments were conducted with Ce0.98Zr0.02O2 as
the catalyst under the same conditions as those described above.
After each run, the catalyst was recovered, washed and dried as
previously detailed. In order to evaluate the impact of the solvent
on the properties of the catalyst, the as-prepared Ce0.98Zr0.02O2 was
subjected to a 42 h treatment in DMC under the same conditions
to those applied in the catalytic tests. The resulting material was
filtered and washed with acetone prior to characterization and fur-
ther catalytic studies in methoxycarbonylation reactions.

Computational details : Density functional theory (DFT) calcula-
tions were carried out with the Vienna ab initio simulation package
(VASP, version 5.4.4).[28, 29] The generalized gradient approximation
(GGA) was used through the Perdew–Burke–Ernzenhof (PBE) func-
tional[30] and the dispersion interactions were accounted through
the Grimme D3 approximation.[31] A Hubbard term within the Du-
darev approach[32] U = 4.5 eV was added to describe the on-site
Coulomb interaction of localized 4f electrons of Ce cations, follow-
ing previous tests.[33] Projected-augmented wave (PAW) pseudopo-
tentials were used to represent the core electrons whereas valence
electrons were expanded in plane waves with a cut-off energy of
500 eV.[34]

Fluorite bulk structure of plain CeO2 was optimized with a 7 V 7 V 7
k-point mesh obtaining a lattice parameter acalc = 5.470 a (aexp =
5.412 a).[35] Simulations were performed on (111) and (100) CeO2

surfaces using slab models with 3 and 4 O@Ce@O trilayers, inter-
leaved by 15 a vacuum. The dipole correction was applied to
avoid the spurious terms due to the asymmetry of the slabs.[36] To
simulate the 2 % of doping, one Ce cation was substituted by Zr
either in surface or in subsurface layer cation positions. The super-
cells were large enough to avoid the interaction between the ad-
sorbates of neighboring cells and the interaction of more than one
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Zr with the adsorbates. The k-points mesh was always denser than
0.3 a@1. In the optimizations, the adsorbates and the topmost
layers of the slabs, i.e. , 5 atom layers for both facets, were allowed
to relax. The gas-phase molecules were optimized inside a box of
20 V 21 V 22 a. Transition states were identified with the climbing
image nudged elastic band (CI-NEB) method[37, 38] and refined with
the improve dimer method (IDM).[39] The nature of intermediates
and transition states were further confirmed by vibrational analysis.
All the relevant structures are published in the ioChem-BD data-
base[40] and can be retrieved in the following link: https://
dx.doi.org/10.19061/iochem-bd-1-172.
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