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ARTICLE INFO ABSTRACT

Keywords: Engineering the surface structure of ceria-based catalysts at the atomic scale is a powerful strategy for boosting
HCHO removal catalytic performance. Here, we carried out density functional theory calculations to investigate structur-
DFT

e-activity relationships of Au-CeO» catalysts with (111), (110), and (100) surfaces exposed in common CeO3
nanopolyhedra, nanorods and nanocubes, respectively. On stoichiometric AuCe;.x02(111), (110) and (100)
catalyst surfaces, HCHO oxidation follows the Mars van Krevelen mechanism. Calculations show that the
migration of Au atoms on the surface of AuCe;.x05(110) leads to a more stable configuration and improved
HCHO oxidation performance than the undistorted (110) surface. On defective AuCe;.x02(110) and (100)
surfaces, HCHO oxidation follows the co-action of the Langmuir-Hinshelwood and Mars van Krevelen mecha-
nisms with HCHO and O co-participation and surface reduction by the removal of lattice oxygen. Adsorbed Oy
species contribute to a decrease in the energy barriers of the reaction steps. With the easy reducibility and lower
energy barriers, the defect surfaces are more conducive to HCHO oxidation than stoichiometric surfaces.
Whether stoichiometric surfaces or defective surfaces, (110) is most active for HCHO oxidation with the lowest
activation energy for the rate-determining step, followed by (111), and then (100). Microkinetic simulations
offer additional support for this result. Dopant Au atoms activate surface oxygen, and decrease the formation
energy of oxygen vacancies. Au also reduces the energy barriers of key reaction steps on AuCe;.x02(111) (110)
(100) surfaces as compared to the pristine ceria surfaces. These calculations provide insight into the interaction
between Au and CeO, with different surface terminations and the effect of the CeO; crystal plane and their
reactivity for HCHO catalytic oxidation.

Au doped CeO, catalysts
Crystal plane effect
Oxygen vacancy

1. Introduction

Formaldehyde (HCHO), which is primarily released from buildings,
decorative materials, and household products, is one of the most
abundant and toxic indoor volatile organic compounds (VOCs) [1-3].
Having a carcinogenic-mutagenic-teratogenic effect, HCHO has been
classified as a carcinogen [4] that can cause serious health issues, such as
headaches, eye irritation, and even cancer [5,6]. The ever-increasing
demand for better human health and more rigorous environmental
regulation have motivated considerable interest in eliminating HCHO
[7,8]. Complete catalytic oxidation of HCHO to COy and H30 at low
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temperature, with eco-friendly and energy-saving, has been considered
a promising method for HCHO removal [1,3,9,10]. Noble metals (such
as Pt, Pd, Au and Ag) supported on transition metal-oxide catalysts have
attracted much attention for HCHO oxidation due to their high catalytic
activities, good thermal stabilities, and synergetic strong metal-support
interactions. Even though they have a lower catalytic activity for HCHO
decomposition than supported Pt catalysts [1], an enormous effort has
been made to study and improve the catalytic performance of Au-based
catalyst by various preparation methods and supports [11-16].

Due to the unique redox properties associated with facile conversion
between Ce>* and Ce** states and its high oxygen storage capacity,
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CeO, is the most widely investigated support for Au-based Catalysts
[16-18]. Engineering the surface structure at the nanoscale, such as the
crystal shape of CeOs, has proven an effective strategy to influence the
catalytic performance of ceria catalysts for various reactions [19-22]. Si
et al [23] identified a strong crystal plane effect of CeO, on gold-ceria
activity for the WGS reaction. Au-CeO, nanorods with (110) and
(100) facets show much greater catalytic activity than nanocubes with
(100) facets and nanopolyhedra with (111) and (100) facets. Mean-
while, several experiments have studied the effect of crystal planes for
HCHO oxidation in order to improve the activity on Au-CeO- catalysts.
Bu et al.[24] compared the catalytic performance of Au/CeOy with
different surface termination and showed that Au/CeO- nanorods
(consisting primarily of (110) and (1 00) planes) are highly stable and
active for HCHO oxidation at room temperature, as compared to com-
mercial CeO, which primarily expose the (111) facet. The strong
interaction between Au and the CeO; nanorod promotes the creation of
oxygen vacancies and Au>* near the interface, which in turn promotes
the formation and conversion of formate. Xu et al.[25] showed that ceria
nanorods supporting Au nanoparticles have a high reactivity for HCHO
oxidation because the interaction between Au and CeO; induces a high
concentration of oxygen vacancies. The structural properties of catalysts
can greatly influence the reactivity of HCHO oxidation. However, there
still a lack of fundamental theoretical understanding of how the
morphology of the CeOg structures influence and explain the intrinsic
structure-performance relationship of Au-CeO; catalysts with different
surface termination. Additionally, there is an open question as to the
role of Au and oxygen vacancies for HCHO oxidation. A comprehensive
understanding of the structure-performance relationship of Au-CeOj
catalysts should help guide and improve HCHO oxidation catalytic
properties.

Herein, we present a mechanistic DFT study and microkinetic model
of Au-CeO; catalysts with different crystal planes to explore structure-
performance relationships for formaldehyde oxidation. To account for
the particular morphology of nanoshapes, we choose the three lowest
index and energy surfaces (111), (110), and (100), as these are the
most exposed facets in three common structures: nanopolyhedra,
nanorods and nanocubes, respectively [26]. In Au-CeO-, catalysts, CeOy
supported Au nanoparticles catalysts are fairly common in experimental
research [15,16,25]. However, the type of Au doped CeOs, as a form
represented the strong interaction between gold and ceria, might also
exist in experiments [16,27]. This is confirmed by the large adsorption
energy of Au on Ce vacancy, suggesting a strong preference for Au atoms
to enter into the ceria lattice [28]. Camellone also reported that Au
substituted for Ce in lattice sites was more active than single Au™ species
supported on CeO; surface for CO oxidation. Given the similarity be-
tween CO oxidation and HCHO oxidation, we consider Au doped CeO5.
The surface model for Au doped CeO5 was constructed by replacing one
of the surface Ce atoms by an Au atom, denoted as AuCe; xO5. The ox-
ygen vacancy model was simulated by removing a surface oxygen atom,
denoted as AuCe; xO2.y. This paper focuses on the structure sensitivity of
HCHO oxidation on Au doped CeO2(110) and (100) surfaces and a
comparison with the Au doped CeO»(111) surfaces that have been
studied in our previous work [29]. Discussions of the effects of Au and
oxygen vacancies on HCHO oxidation reaction are also included.

2. Computational details
2.1. DFT calculations

The DFT calculations were performed with the Vienna ab initio
simulation package code [30,31]. The generalized gradient approxi-
mation with the PBE functional [32] was used to describe the electronic
exchange-correlation energy. The projector augmented wave method
[33,34] was used to describe the core-valence electron interactions;
valence electrons were described with a plane wave basis set with a
cutoff energy of 400 eV. The convergence criteria for the energy
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calculation and structure optimization were set to 1.0 x 10* eV and
0.05 eV/A, respectively [29]. The Brillouin-zone integration [35] was
sampled at the gamma point. A Gaussian smearing with a width of 0.05
eV was used to improve the convergence of states near the Fermi level.
More stringent convergence criteria have been tested and the results
show no significantly differences in energies [29,36,37]. The calcula-
tions included on-site Coulomb interactions (DFT + U) to describe the
strong correlation effect among the partially filled Ce 4f states with a
value of Uegr = 4.5 eV. The value of Ugg follows the approach described
by Fabris et al., [38] Cococcioni and De Gironcoli [39].

Three common CeO, surface terminations of (111), (110), and
(100) were chosen for the study. The CeO5(111) surface consisted of a p
(3 x 3) nine-atomic-layer supercell with the bottom three layers fixed.
Additional details are provided in a previous study [29]. As shown in
Fig. 1, the CeO2(110) surface was modeled by a p(2 x 3) five-atomic-
layer supercell with the bottom two layers fixed, and the CeO2(100)
surface was modeled by an O-terminated p(3 x 3) seven-atomic-layer
supercell with the bottom two layers fixed [40]. To maintain the stoi-
chiometry of the CeO2(100) surface and reduce any dipole moment
normal to the surface, a half oxygen monolayer was transferred from the
surface to the bottom of the slab [26,41,42]. A set of test calculations
based on a larger unit cell demonstrated the accuracy of these models
(Figure S1-S2 and Table S1-S2 in Supplementary data). A vacuum layer
of 15 A was used to avoid interactions between periodic slab surfaces.
The adsorption energy was calculated as,

Eqqs= E(adsorbate/surface) - E(adsorbate) - E(surface)

where E(adsorbate/surface), E(adsorbate) and E(surface) are the en-
ergies of the surface interacting with the adsorbate, and the isolated
adsorbate and the bare surface, respectively. Transition states (TS) were
found with the climbing image nudged elastic band (CI-NEB) method
[43,44]. Frequency analysis was used to confirm that the transition
states have only one imaginary frequency. The energy barrier and re-
action energy are defined as

Ers= E(TS) - E(IS)

AE = E(FS) - E(S)

where E(IS), E(TS) and E(FS) are the energies of the initial, transition
and final states, respectively. The oxygen vacancy formation energy was
calculated as:

Eo, = surface-0, + %EOZ - Eswfaze

where Egyface > Esurface-0, » and Eo, are the energies of the clean surface,
the defective surface with an oxygen vacancy, and a gas-phase Oz
molecule. Charge analyses were carried out using Bader’s method [45].

2.2. Microkinetic simulations

Microkinetic simulations were used to describe the activity of Au
doped CeO3 (110) and (1 00) catalysts for HCHO oxidation. For surface
reactions, the rate constants for the forward and backward elementary
reactions were expressed by the Eyring equation:

_Eq
k=Ae T

where k, ky, T, and E, are the reaction rate constant in s~7, the
Boltzmann constant, temperature in Kelvin, and the activation barrier,
respectively. A is the prefactor, which was approximated as 10! s~! for
all the elementary surface reactions due to negligible entropy changes
for the adsorbed species.

For non-activated molecular adsorption, the rate of adsorption was
determined by the rate of surface impingement of gas-phase molecules.
The molecular adsorption rate constant was described by Hertz-Knudsen
kinetics [46]:

PA’
kz/ s = N
= 2amk, T

where P is the partial pressure of the adsorbate in the gas phase, A'is
the surface area of adsorbed site, m is the mass of adsorbate and S is the
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Fig. 1. Optimized structures of (a) CeO2(110) and (b) CeO5(100) (color scheme: light yellow-Ce; red-O; the same below).

sticking coefficient. For desorption, it is assumed that there are three
rotational degrees of freedom and two translational degrees of freedom
in the transition state. Accordingly, the rate of desorption is given by

kyT? A'(znk,,)e,%
n 60,01

kaes =

where ¢ and 6 are the symmetry number and the characteristic
temperature for rotation, respectively and h is Planck’s constant. Eg is
the desorption energy.

All microkinetic simulations were performed using the MKMCXX
software [47]. Our approach to microkinetic simulations has been pre-
sented elsewhere [48-50]. Differential equations for all the surface re-
action intermediates were constructed using the rate constants and the
set of elementary reaction steps. For kinetic calculations, the reaction
rate of any component M is required, which was solved using:

N . M J
I = Z (k]vf HC;(A>
Jj=1 k=1

where k; is the elementary reaction rate constant, v; is the stoichio-
metric coefficient of component i in the elementary reaction, and ci is
the concentration of component k on the catalytic surface.

Steady-state coverages were calculated by integrating the ordinary
differential equations in time until the changes in the surface coverages
were small. The rates of the individual elementary reaction steps were
obtained from the calculated steady-state surface coverages.

To qualitatively determine the influence of any single step i to the
overall reaction, the degree of rate control, X, ;, has been defined as:

¥ ki ( 0r) ( alnr)
RCi = —\ 37 =
r \0k; ki dlnk; ki

where k;, K; and r are the rate constants, the equilibrium constant for
step i and the reaction rate, respectively. A larger Xgc, ; value means a
greater influence of step i on the overall reaction; the sum of the Xgc, ;
values is unity.

3. Results and discussion
3.1. Structures of Au doped CeO2(110) and (100) surfaces.

The optimized configurations of the stoichiometric AuCe;.xO2(110)
and (100) surfaces are shown in Fig. 2. By replacing one of the surface
Ce atoms by a Au atom, the surface model of stoichiometric AuCe;.
x02(110) was constructed [51] (Fig. 2a). The Au atom coordinates to
four surface O atoms with Au-O bond distances of 2.10 A, forming a
symmetric structure. The Bader charge of Au is calculated to be + 1.32 |
e|, suggesting an oxidation state of + 3 [52,53]. No Ge*" is reduced to
Ce>" and there are no changes of the magnetic moments of cerium. The
doping of Au>* brings about the transformation of 0% to O" (dispersed
on the four surface oxygen atoms, on average, labeled with pink in
Fig. 2a). However, this stoichiometric AuCe;.4O2(110) is not a stable
surface; it spontaneously converts to a more stable structure with the Au
atom migrating to the side of the surface oxygen atoms, leaving two
doubly-coordinated oxygen atoms (Ox.), similar to a Mn or Pt doped
CeO2(110) catalysts [37,40]. This transformation requires a low acti-
vation energy of 0.53 eV and is exergonic by 0.72 eV (Fig. 2b and
Figure S3). The Au atom coordinates with two surface O atoms and two
subsurface O atoms with distances between 2.00 and 2.03 A. Au shows a
valence of + 3 with a Bader charge of + 1.00 |e|. The excess charge
induces a 0% transition to O (delocalized on the uncoordinated Oy,
labeled with pink in Fig. 2b). Again, there are no changes in the mag-
netic moments of cerium. Fig. 2¢ shows the structure of the AuCe;.
x02(100) surface, where the Au atom is substituted at a Ce site on the
CeO2(100) surface. On the AuCe; xO2(100) surface, the Au dopant is
surrounded by two surface oxygen atoms with Au-O bond lengths of
1.90 A. It is found that the distortion of the AuCe;.405(100) surface is
smaller than on AuCe;.xO2(110). The calculated Bader charge of Au is
+ 0.43 |e|, indicating a formal valence of + 1. Magnetic moments show
that no Ce®* ion forms after Au doping. The electronic changes due to
the Au dopant brings about the transformation of 0% to O" (delocalized
on the two surface oxygens bonded to Au, labeled with pink in Fig. 2c,
and the oxygen atoms at the bottom). Low-valence dopant Au disrupts
the chemical bonds in the surface of the doped oxide and activates the
oxygen atoms [54,55].
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(a) AuCe, ,O, (110)-undistorted (b) AuCe, O, (110)-distorted

»%**

(c) AuCe,_ 0, (100)

Fig. 2. Configurations of stoichiometric (a) AuCe; xO»(110)-undistorted, (b) AuCe;.xO2(110)-distorted and (c) AuCe;.xO2(100) surfaces (color scheme: yellow-Au;

pink-O7; the same below).

3.2. Formations of oxygen vacancy on Au doped CeO; surfaces.

Owing to the facile ce*t/ce®t redox properties of ceria, large
numbers of oxygen vacancies exist on the surfaces of ceria. By removing
an oxygen atom, the AuCe;4O5 surface is reduced to form an oxygen
vacancy, as shown in the Fig. 3. Given the more stable structure and
improved HCHO oxidation performance than the undistorted (110)
surface (which will be discussed in section 3.3), we choose the AuCe;.
x02(110)-distorted surface to study oxygen vacancy formation. On the
defective AuCe; x02.y(110) surface (Fig. 3a and 3b), the oxygen vacancy
formation energy, formed by removing the Oy and O3, atoms, is —0.08
eV and 1.01 eV, respectively. The active O, species can be more easily
removed than Ogz.. On this surface, Au shows a + 3 valence charge
(Bader charge of 1.11 |e|), and the excess electrons due to the oxygen
vacancy leads to the formation of Ce®* and 0%~ On the AuCe;.402(100)
surface, when removing the surface O, the Au atom spontaneously
shifts position to bond with one surface and one subsurface oxygen
(shown in the Fig. 3c). The calculated oxygen vacancy formation energy
is only 0.1 eV. Au also shows + 1 valence (Bader charge of 0.81 |e|), and
the excess electrons due to the formation of oxygen vacancy lead to the
reduction of one O to O*~.

We summarized the energies of oxygen vacancy formation on
different crystal planes of CeO2 and AuCe; 4O, in Fig. 4. On the
CeO2(111), (110), and (100) surfaces, the oxygen vacancy formation
energies are 2.24, 1.43 and 1.69 eV, respectively. While these are high
energies, adding a doping metal is an effective way to decrease the ox-
ygen vacancy formation energy in ceria [56]. With the doping of Au, the
oxygen vacancy formation energies of those surfaces dramatically
decrease to lower values of 0.17, —0.08 and 0.10 eV on AuCe; yO2(111),
(110), and (100) surfaces, respectively. Doping with the low-valence
Au creates a Lewis acid on the surface and therefore facilitates oxygen
vacancy formation (Lewis base) by a strong acid-base interaction [55].
The surface of a doped oxide has more oxygen vacancies than the pure
host [54]. As discussed in Section 3.1, the electronic changes due to the
doping of low-valence Au activate the surface oxygen, bring about the

x

(a) Defective AuCe, 0, ((110)-
0, removing

.
R e
Oy

(b) Defective AuCe, O, «(110)-
O3, removing

25
2.24 CeO,
20 -
1.69
15+ 1.43
>
2 10r
HQ
Au-CeO,
0.5
0.17 0.10
-0.08
1) 110y  (100) (111)  (110)  (100)
-0.5

Fig. 4. The energies of oxygen vacancy formation on different crystal planes of
CeO, and AuCe;_O,.

transformation of surface 0% to O and make it more reactive, which
explains the facile formation of oxygen vacancies on Au doped ceria
surfaces.

It was established and predicted that the formation of oxygen va-
cancies on ceria is strongly surface sensitive [57,58]. As with the order
of rods < cubes < polyhedra for the oxygen vacancy formation energy
on CeOj, Au doped CeO, follow the same sequence (Fig. 4). Among
them, the AuCe;.xO2(110) possesses the property of facile oxygen va-
cancy formation with the lowest formation energy (-0.08 eV). The ox-
ygen vacancies, which affect the catalytic activity of the catalysts (as
discussed in section 3.3.4), are shown to be dependent on the shapes of
the CeO, supports.

(c) Defective AuCe, O, (100)

Fig. 3. Structures of defective (a)-(b) AuCe;.402.,(110) surfaces and (c) AuCe;.x02.,(100) surface.
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3.3. HCHO adsorption and oxidation reaction on the Au doped CeO3
surfaces.

3.3.1. HCHO adsorption on the stoichiometric AuCe;_,O2 surface.

The optimized adsorption configurations of HCHO on the stoichio-
metric AuCe; xO2(110) and (100) surfaces are shown in Fig. 5. On the
AuCe; 4O2(110)-undistorted surfaces (Fig. 5a), HCHO adsorbs strongly
at a bridge site with an exergonic energy of 1.75 eV. On the distorted
surface (Fig. 5b), HCHO adsorbs with the C-H bond dissociating spon-
taneously and a stronger adsorption energy of —3.20 eV, as compared to
the undistorted surface. The formaldehyde adsorption energies on CeOy
and AuCe; 4O, with different crystal planes are summarized in Table 1.
The initial formaldehyde chemisorption values on the CeO2(111),
(110), and (100) surfaces are —0.88, —1.25, and —1.84 eV, respectively
[26,59]. HCHO binds strongly on the AuCe;.4O2(111) and (110) sur-
faces, with adsorption energies of —1.17 and —3.20 eV, respectively. For
the AuCe;.xO2(100) surface, the most stable adsorption geometry of
HCHO is with the C connected with Oy and the O bound to the surface
Au. The calculated adsorption energy is —1.61 eV, weaker than HCHO
adsorption on the CeO4(1 00) surface.

3.3.2. HCHO oxidation reaction on the stoichiometric AuCe; xO> surfaces.

Fig. 6 shows the reaction pathway for the oxidation of HCHO to CO2
and H,0 on the stoichiometric AuCe;.4O5(1 1 0)-distorted surface. Cor-
responding spin magnetic moment analysis of Ce and the Bader charge
differences of Au are shown in Table S4. The reaction pathways on the
stoichiometric AuCe;.xO2(110)-undistorted and AuCe;.xO2(100) sur-
faces are shown in the Supplementary data (S-3 and S-6).

The higher adsorption energy of HCHO than Oj suggests that the
stoichiometric AuCe; xO2(110)-distorted surface should be preferen-
tially occupied by HCHO instead of Oy (Figure S7). Accompanied with
HCHO adsorption, the C-H bond in the HCHO molecule spontaneously
dissociates with the H atom adsorbing to the neighboring surface oxygen
(Fig. 6, state ii, E;gs = -3.20 eV). The excess electrons due to C-H bond
dissociation leads to the formation of Ce>" and the reduction of O" to
O%". Next, the C-H cleavage of the adsorbed formate intermediate, the H
from the C-H bond migrates to a surface O atom of ceria with the energy
barrier and reaction energy of 0.50 and —1.65 eV, respectively (state
TS1-iii). This C-H bond cleavage generates two excess electrons, which
leads to the change of Au®" to Au™ (Bader charge of 0.58 |e|). Now,
remaining on the surface are two OH groups and a CO2 molecule. The
desorption energy of COs is found to be 0.09 eV, revealing that CO; can
readily desorb to the gas phase at low temperature (state iv). With the
removal of CO,, an oxygen vacancy appears on the surface. Molecular
oxygen adsorbs on this vacancy site strongly with an energy of —0.97 eV
(state v). The O-O bond length is elongated to 1.42 A (as compared to
1.21 A in the gas phase), indicating the formation of a peroxide-type
0,2 species. O adsorption also causes the oxidation state of Au back
to + 3. Then the O-O bond dissociates to form two oxygen atoms with a
reaction energy of 0.49 eV and an activation barrier of 0.76 eV (state
TS2-vi). One oxygen atom fills in the oxygen vacancy to be the lattice
oxygen, and the other one is adsorbed on the surface Ce to be the

(a) AuCe, O,(110)-undistorted surface (b) AuCe, 0,(110)-distorted surface
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Table 1
The energies of HCHO adsorption on the CeO, and AuCe; 4O, surfaces.
Catalysts CeO, [26] AuCe; 40,
ain (110 (100) (111) (110) (100)
Encho-ads/€V —0.88 —1.25 —-1.84 -1.17 —-3.20 —-1.61

adsorbed oxygen (state vi). Accompanied by O-O bond cleavage, the
excess electron initially localized on the Ce atom returns to a surface
oxygen atom. Next, the H atom of one adsorbed OH group dissociates so
that the H relocates to the lattice oxygen (Ets = 0.41 eV, AE = 0.29 eV,
state TS3-vii). After that, the two H atoms migrate in succession to the
adsorbed oxygen on the surface Ce to form an OH group (Ets = 0.02 eV)
and a Hy0O molecule with the reaction energy of —0.50 and —0.51 eV,
respectively (state TS4-ix). Finally, 0.75 eV is needed to desorb the HyO
molecule in order to complete the catalytic cycle. The potential energy
diagram shows that the largest energy barrier is 0.76 eV corresponding
to O-O bond cleavage (state TS2).

For the two-step C-H bond cleavage mechanism, the energy barriers
on the distorted surface are 0.0 and 0.50 eV, respectively, which are
lower than those on the undistorted surface of 0.05 and 0.78 eV. The
energy barrier of the rate-determining step also reduces as compared to
the undistorted surface (0.95 eV for H,0 desorption) and the distorted
surface (0.76 eV for O-O cleavage). The stronger HCHO adsorption, the
lower energy barriers in the rate determining step and two-step C-H
bond cleavage mean that the distortion of Au is beneficial to HCHO
oxidation as compared to the undistorted surface. Thus, the following
discussion of HCHO oxidation will be solely based on the AuCe;.
x02(1 1 0)-distorted surface.

On the stoichiometric AuCe;.x0O2(111), (110), and (100) surfaces,
HCHO oxidation follows the M—vK mechanism. We summarized the
energy barriers in the key reaction steps on different surfaces of CeOs,
AuCe;.x02 and AuCe; O».y, as shown in Table 2, to elucidate the effect
of Au doping and crystal planes. As listed in Table 2, Au doped in ceria
facilitates a two-step C-H bond cleavage, one of which is the rate-
determining step for HCHO oxidation in ceria [60], is significantly
reduced. This is especially true of the (111) and (110) surfaces, where
the energy barrier is lowered by half or more in comparison with the
Ce05(111) and (110) surfaces. On the stoichiometric AuCe;.405(111)
and (11 0) surfaces, the rate-determining step for HCHO oxidation is the
0-0O bond cleavage with energy barriers of 0.94 and 0.76 eV, respec-
tively. On the stoichiometric AuCe; xO2(100) surface, the second C-H
bond cleavage, with the largest energy barrier of 1.15 eV, becomes the
rate determining step. Thus, the stoichiometric AuCe; xO2(110) surface
is the most active for HCHO oxidation, next is (11 1), followed by (100).

3.3.3. HCHO adsorption on the defective AuCe;.O2.y surfaces.

As discussed in Section 3.2, the low value of E,, implies facile for-
mation of oxygen vacancies on the AuCe; 4O, surfaces. Thus, studying
the formaldehyde adsorption and catalytic oxidation mechanism on the
defective AuCe;.xO,.y surfaces is significant.

On the defective AuCe; xO2y(110) and (100) surfaces (Fig. 7), after

(¢) AuCe;_0,(100) surface

Fig. 5. Adsorption configurations of HCHO on (a) AuCe; 4O5(110)-undistorted surface, (b) AuCe; 4 O5(110)-distorted surface and (c) AuCe;.xO,(100) surface.
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Fig. 6. HCHO oxidation reaction pathways on the stoichiometric AuCe; yO(110)-distorted surface.

Table 2
The energy barriers in some reaction steps on different surfaces of CeO,, AuCe;.,O2 and AuCe;.,Oz.y.
Catalysts CeO, [26] AuCe; Oy AuCe; xOz.y
a1y (110) (100) (111 (110) (100) (111 (110 (100)
ETS in 1-C-H cleavage /€V 1.53 1.87 0.66 0.06 0.00 0.54 0.84 0.48 0.87
ETs in 2-C-H cleavage /€V 1.60 2.00 1.64 0.66 0.50 1.15 0.80 0.18 1.07
ETs in 0-0 cleavage /€V - - - 0.94 0.76 0.29 0.80 0.46 0.02

HCHO
adsorption

©

HCHO and O,
co-adsorption

AuCe, 0, (110) surface AuCe, 0, ,(100) surface

Fig. 7. (a)-(b) HCHO adsorption and (c)-(d) HCHO and O, co-adsorption configurations on the defective AuCe; x02.,(110) and (100) surfaces.

HCHO adsorbs to form dioxy-methylene with the O bonded to the Ce or
the Au atom and the C bonded with surface oxygen (Eygs = -1.56 eV on
(110), Eg4s = -1.70 eV on (1 00)), molecular oxygen can fill the oxygen

vacancy with an energy of —0.37 and —0.74 eV, respectively. Due to the
separated active site for HCHO and O, adsorption, the co-adsorption
configuration tends to form on the defective AuCe;.xO2.4(110) and
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(100) surfaces. On the defective AuCe;xO2y(110) surface, Au also
shows a + 3 valence (Bader charge of 0.97 |e|) with the adsorption of
HCHO and O,. The excess electron transfers from Ce3* to the O, mole-
cule, forming the superoxide Oy species with an O-O bond length of
1.34 A. On the defective AuCe;.402(100) surface, the valence of Au
changes from + 1 to + 3 with a Bader charge of 1.27 |e| after co-
adsorption of HCHO and O. The excess electrons make the O-O bond
elongate to 1.38 A, which indicates the formation of a peroxide 05>
species.

3.3.4. HCHO oxidation reaction on the defective AuCe;.xO2., surfaces.

The cycle of elementary reaction steps for formaldehyde oxidation
on the defective AuCe;.x0O2.y(110)-distorted surface with O participa-
tion is graphically represented in Fig. 8. The detailed spin magnetic
moments of Ce and the Bader charge differences of Au in the different
reaction stages are shown in Table S5. The reaction pathway on the
defective AuCe;.xO2(100) surface is shown in the Supplementary data
S-7).

From the co-adsorbing state of HCHO and O (Fig. 8, state iii), one of
the C-H bonds of HCHO dissociates with the H migrating to the adsorbed
O, to generate an OOH species (state TS1-iv). The C-H cleavage is
exergonic by 1.95 eV and the activation barrier is 0.48 eV. The two
excess electrons generated in the C-H bond cleavage lead to the
reduction of Ce*" to Ce3* and the formation of OOH". Then, the OOH
species makes a breakage with the O atom being a lattice oxygen and the
OH group transferring to a nearby Au atom (state v). Upon O-O bond
cleavage, the excess electron transfers from Ce>" to a surface oxygen.
The reaction energy for OOH cleavage is endergonic by 0.46 eV. After
the OOH cleavage and OH generation, the C-H bond from the formate
group cleaves and protonates the OH group with an activation barrier of
0.18 eV and reaction energy of —0.89 eV (state TS2-vi). This step leads to
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the formation of CO, and H,0 and the generation of Au™ with a Bader
charge of 0.36 |e|. Upon desorption of H2O (state vii, Eqes = 0.28 eV) and
CO, (state i, Eges = -1.18 eV), the surface is restored to the initial
defective AuCe;.x02y(110)-distorted surface. The calculated energy
barrier of the rate-determining step in the catalytic cycle is only 0.48 eV
(1-C-H-cleavage, state TS1 and iv), suggesting high activity for HCHO
oxidation at low temperature.

On the defective AuCe;.x02y(110) and (100) surfaces, accompanied
with HCHO and O, co-adsorption and surface reduction by the removal
of lattice oxygen, HCHO oxidation follows the co-action of the L-H and
M-vK mechanisms. The exposed oxygen vacancies activate the oxygen
molecule and contribute to the subsequent reaction steps. As shown in
Table 2, compared with the energy barrier of 0.76 eV for the rate-
determining step on the stoichiometric AuCe; 402(110) surface, the
defective AuCe;.x02.y(110) surface has a higher HCHO oxidation ac-
tivity and a lower energy barrier of 0.48 eV. Therefore the adsorbed Oz~
species exhibits higher activity than lattice oxygen, which functions on
the pristine AuCe; xO5 surface. In comparison with the defective AuCe;.
x02(100) surface, with the activation energy of 1.07 eV, and the stoi-
chiometric (100) surface with an activation energy of 1.15 eV, the
adsorbed 022‘ species also functions, just not as well as the Oy~ species.
Due to the easily reducible surface and lower energy barriers, the defect
surfaces are more conducive to HCHO oxidation. On the defective sur-
faces, (110) is also the most active for HCHO oxidation, next is (111),
followed by (100).

3.3.5. Overview of the HCHO oxidation reaction on Au doped CeO»
surfaces.

Here, the HCHO oxidation pathways on the stoichiometric and
defective Au doped CeO(110), (1 00) surfaces are studied. Fig. 9(a) and
(b) show the reaction scheme of the M—vK and co-action of the L-H and

[

Energy/eV
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iv 342 .18\
B o (0.46) \
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vii
v vi 74.0.
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(vi) 2-C-H cleavage
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Fig. 8. HCHO oxidation reaction pathway on the defective AuCe;.z02.,(110)-distorted surface.
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Fig. 9. The catalytic reaction pathway for HCHO oxidation on the (a) stoichiometric and (b) defective surfaces.

M-vK mechanisms for the formaldehyde oxidation reaction pathway on
the stoichiometric and defective surfaces, respectively. On the stoi-
chiometric surfaces, HCHO oxidation can be described as a M—vK type
mechanism involving lattice oxygen atoms. First, HCHO adsorbs on the
stoichiometric surface to form dioxy-methylene. Then, two C-H bonds
cleave with the H atoms migrating to lattice O atoms to form OH and
COs. Next, with CO, desorption, an oxygen vacancy is generated, upon
which O, from the gas phase adsorbs and then dissociates. Next, the two
dissociated H atoms transfer to a surface O atom to form water. Finally,
H20 desorbs to close the catalytic cycle. On the defective surfaces,
HCHO oxidation follows the co-action of the L-H and M—vK mecha-
nisms. It involves the co-adsorption of HCHO and O, and surface
reduction by the removal of lattice oxygen. Starting from the co-
adsorbed state, one C-H bond cleaves with H atom relocating to
adsorbed O3 species to form OOH. Then, the O-O bond of OOH disso-
ciates to form a lattice oxygen and an adsorbed OH species. Next, the
C-H bond cleaves with the H atom bonding with the OH species to form
H,0 and CO,. The desorption of CO5 results in the release of lattice
oxygen and surface reduction. Finally, with the desorption of H>O and
CO,, the catalyst regenerates and is restored to its initial state.

3.4. Microkinetic analysis of the overall catalytic cycle.

From the calculated energetics of the HCHO oxidation catalytic cycle
on different Au doped CeOs surfaces, we conclude that the order of
reactivity follows (100) < (111) [29] < (110). To further validate the
activity of Au doped CeQO; system, microkinetic simulations were per-
formed using the MKMCXX software to calculate the overall reaction
rate under the room conditions (300 K, 1 atm, close to experimental
conditions). Considering the actual oxidation condition of HCHO
[15,16,25], the feed gas is composed of 100 ppm HCHO balanced with
the air (21 vol% O4 and 79 vol% N»). The variation of reaction rate with
the reaction temperature and partial pressure of reactants are also
examined.

HCHO oxidation on the stoichiometric AuCe;.xO2(110) and (100)
surfaces follow the M—vK mechanism with participation of adsorbed
HCHO and lattice oxygen. On the defective AuCe;.x02.y(110) and (100)
surfaces, the HCHO oxidation cycle can be described by the co-action of
the L-H and M—vK mechanisms. The elementary reaction steps and
microkinetic results of HCHO oxidation on Au doped CeO»(110) and

Table 3

(100) catalysts are shown in Table S8-S12 and summarized in Table 3.
We assume that dissociated H goes into the gas phase instead of taking
up a surface O site [61], which is reasonable because H subsequently
desorbs from the O site and the O sites are not involved in the remaining
steps. By comparing the overall reaction rates of the catalysts under the
room conditions (Table 3), we can confirm that the most active catalyst
is the defective AuCe;.yO2.y(110) surface with the highest reaction rate
(r = 4.27 x 10' s71). The apparent activation energies also reflect the
activities of the catalysts; the defective AuCe;.x02.y(110) catalyst has
the lowest apparent activation energy 16.3 kJ/mol and exhibits the
fastest reaction rate at 300 K. Next is the stoichiometric AuCe;.xO2(110)
distorted surface, HCHO oxidation takes place with the reaction rate of
1.48 x 102 571, many orders of magnitude higher than that on stoi-
chiometric AuCe;.xO-(110) undistorted surface (r = 1.70 x 101 s,
These results also indicate a higher activity of the distorted surface as
compared to the undistorted surface. On the stoichiometric and defec-
tive Au doped CeO5(100) surfaces, the processes exhibit rather low
reaction rates under room conditions (6.84 x 101 and 8.21 x 10° s_l,
respectively), and thus (1 00) is the lowest-reactive plane. In comparison
with the reaction rates on perfect and defective (110) (1.48 x 102 vs.
4.27 x 10" s™1),(100) (6.84 x 1070 vs. 8.21 x 10°s™!) surfaces, we can
deduce that oxygen vacancy is beneficial to the overall HCHO oxidation
catalytic activity.

The HCHO oxidation reaction rate as a function of temperature and
pressure on AuCe; x02.y(110) surface is shown in Fig. 10a. It is obvious
that the oxidation rate increases gradually when the pressure rises, but
decreases over 1.8 atm. The reaction rate is greatly improved with an
increase of temperature when below 375 K; however, over 375 K, it
declines, and especially over 525 K. The best HCHO oxidation rate is at
low temperatures because Oy adsorption on an oxygen vacancy on
AuCe;.4024(110) surface is unfavorable at high temperature. The sur-
face coverage of intermediates as a function of temperature (Fig. 10b)
offers support for this view with the large coverage of HCHO*AuCeOyy.
At higher temperature (>525 K), the decrease of the adsorbed HCHO
species and increase of *AuCeOsy lead to the drop of reaction rate.

4. Conclusion

DFT + U calculations of formaldehyde oxidation on different Au-
CeO, surfaces have been performed to investigate the structure

Forward (rg), backward (rp,), and overall (r) reaction rates and rate-controlling step for HCHO oxidation reactions at Au doped CeO,, catalysts.

Catalysts Apparent activation energy,/kJ.mol ! re/s ! /st /s Rate-controlling step

AuCe; O, (110)-undistorted 176 1.70E-11 0.00E + 0 1.70E-11 Hy0*AuCeOy < Hy0+*AuCeOy

AuCe;_ O, (11 0)-distorted 86.5 1.51E-2 3.09E-4 1.48E-2 H + 0*0*AuCeO,y < OH* O*AuCeO,y
AuCe;.,02. (110) 16.3 4.27E + 1 3.64E-29 4.27E + 1 0,* HCHO*AuCeO,y <+ O,H*CHO*AuCeOsy
AuCe; 40, (100) 164 6.84E-10 0.00E + 0 6.84E-10 H;0*AuCeOy < Hy0+*AuCeOy

AuCe; 4Oz (100) 102 8.21E-6 1.17E-39 8.21E-6 O,H*CHO*AuCeOyy <> O;H*CO2*AuCeOsy + H
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Fig. 10. The (a) overall reaction rate (s™Y as a function of temperature and pressure (b) surface coverage of intermediate species as a function of temperature for
HCHO oxidation on AuCe;.,O5.,(110)-distorted surface. Intermediates with a surface coverage near zero are not shown.

sensitivity and the role of Au doping and oxygen vacancies. On the
stoichiometric AuCe; 402(110), (110), and (100) catalysts, HCHO
oxidation follow the M—vK type mechanism involving adsorbed HCHO
and surface oxygen. The reactions proceed via HCHO adsorption, C-H
bond cleavages, COy desorption, Oy adsorption, HyO formation and
desorption. A doped Au atom on the AuCe; 4O5(111) and (1 00) surfaces
is fairly stable as bound to adjacent oxygen atoms. A more stable AuCe;.
x02(110) structure forms with a small migration of the Au atom and
shows improved HCHO adsorption and oxidation performance. The
energy barriers of the rate-controlling step (0.76 eV on the undistorted
surface vs. 0.95 eV on the distorted surface) and reaction rates (1.48 x
102 s vs. 1.70 x 10! s71) support that. On the defective AuCe;.
x02(110) and (1 00) catalysts, the processes of HCHO oxidation follows
the co-action of the L-H and M—vK mechanisms with HCHO and O, co-
participation and surface reduction by the removal of lattice oxygen.
Adsorbed O; species on oxygen vacancies are beneficial to the overall
HCHO oxidation catalytic activity. With the easy reducibility and lower
energy barriers, the defect surfaces are more conducive to HCHO
oxidation than stoichiometric surfaces. Whether stoichiometric surfaces
or defective surfaces, (110) is the most active for HCHO oxidation with
the lowest activation energy for the rate-determining step, followed by
(111), and then (100). The Au dopant activates surface oxygen and
enhances the formation of oxygen vacancies on all Au doped ceria
(111), (110) and (1 00) surfaces. In the order of rods < cubes < poly-
hedra on CeO3, Au doped CeO; follow the same sequence for oxygen
vacancy formation. Among them, the AuCe; xO2(110) possesses facile
oxygen vacancy formation with the lowest formation energy (-0.08 eV).
Au also effects the HCHO oxidation reaction causing decreased energy
barriers on AuCe;.xO2(111), (110), and (1 00) surfaces when compared
with the corresponding ceria surfaces. Au doped CeO5 (110) catalyst,
with facile oxygen vacancy formation, strong HCHO adsorption and low
activation energy, has an excellent performance for HCHO oxidation.
Among them, the defective AuCe;.x02.y(110) catalyst with the highest
reaction rate (r = 4.27 x 10! s’l) and the lowest energy barrier (0.48
eV), exhibits a high activity for HCHO oxidation at room condition. Our
microkinetic study of the HCHO catalytic oxidation cycle confirms our
results that HCHO oxidation reaction to CO3 and HO is highly sensitive
to the exposed crystal planes, Au stability, and oxygen vacancy forma-
tion. These results shed light on the structure-performance relationship
on Au-CeO;, catalysts and demonstrate that engineering ceria structures
is an effective strategy to boost HCHO oxidation activity.
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