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Self- regeneration of Au/CeO, based catalysts with
enhanced activity and ultra-stability for acetylene
hydrochlorination
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Replacement of Hg with non-toxic Au based catalysts for industrial hydrochlorination of
acetylene to vinyl chloride is urgently required. However Au catalysts suffer from progressive
deactivation caused by auto-reduction of Au(l) and Au(lll) active sites and irreversible
aggregation of Au(0) inactive sites. Here we show from synchrotron X-ray absorption, STEM
imaging and DFT modelling that the availability of ceria(110) surface renders Au(0)/Au(l) as
active pairs. Thus, Au(0) is directly involved in the catalysis. Owing to the strong mediating
properties of Ce(1V)/Ce(lll) with one electron complementary redox coupling reactions, the
ceria promotion to Au catalysts gives enhanced activity and stability. Total pre-reduction
of Au species to inactive Au nanoparticles of Au/CeO,&AC when placed in a C,H,/HCI
stream can also rapidly rejuvenate. This is dramatically achieved by re-dispersing the Au
particles to Au(0) atoms and oxidising to Au(l) entities, whereas Au/AC does not recover
from the deactivation.
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olid catalysts containing highly active but dispersed single

metal atoms have recently been receiving considerable

attention from the catalysis community!~3. However, their
general stability against aggregation or leaching under practical
dynamic conditions is of significant concern2. Particularly, Au
atoms have shown superior activity for many diverse catalytic
reactions*?, but their stability under specific reaction conditions
remain to be solved. So far there is not yet any practical high
throughput catalytic application for Au atoms.

Direct catalytic acetylene hydrochlorination is a crucial
industrial process for coal-rich places to produce vinyl chloride
monomer (VCM)!10-13. As an important material for plastics in
healthcare and medical devices, the demand for VCM increased
markedly during the past decades!%!>. Mercuric containing cat-
alysts have been used as the main commercial catalysts for the
production of VCM for more than 60 years!'®. Due to the high
toxicity of mercuric chloride, mercury associated pollution pro-
blems have emerged gradually from and around the industrial
sites. For most countries, the use of mercury was prohibited in
VCM plants after 2017, while the already existing reactors are
advised to be reduced by 50% by 2020 against the 2010 level, and
to achieve mercury-free when the new process becomes techni-
cally and economically feasible!’. As a result, given the short
timescale, it is imminently required to develop a practical efficient
non-mercury-based catalyst that can replace the industrial
mercury-based catalysts for acetylene hydrochlorination. Dis-
persed Au atoms on a solid are a good candidate for the first
practical alternative catalyst for large scale use, since the reaction
conditions are mild for Au and also present comparable catalytic
properties to Hg. As early as 1985, Hutchings suggested that
supported Au catalyst is active for this reaction!!. Subsequently,
he and co-workers reported a single-site Au supported on acti-
vated carbon (Au/AC) catalyst, which showed good activity in
acetylene hydrochlorination with the Au(I)/Au(III) pair proposed
to be the active redox species. Based on the above Au catalyst,
various promoters and supports (such as CeCl;, TiO,, ZnO, ZrO,
CeO,, AL, O3, treated AC, 13x, etc.) have been briefly studied to
further improve the catalytic performance!?-30. However, there is
on-stream deactivation of such Au catalysts, combined with the
expense of significant Au loading that preclude the practical use
of this otherwise promising catalyst for large volume VCM pro-
duction. The main reason for deactivation of the Au catalyst is
thought to be the over-reduction of active Au(IIT)/Au(I) species
to inactive Au(0) due to thermodynamically favoured auto-
reduction and/or in-excess reductants (reductive impurities). As
long as Au(0) or Au particle is formed, the catalyst would suffer
from non-returnable and aggregation on surface leading to
deactivation?8. Using high temperature oxidation treatment may
regenerate the deactivated catalyst’?, but the development of
highly active and self-regenerated Au catalysts with economically
feasible low-Au content are urgently needed to fulfil the industrial
requirements.

According to previous reports, chlorinated cations with a
standard reduction potential greater than that of Hg(II) 0.851 V
and Pd(IT) 0.951 V with respect to their metals could be active for
acetylene hydrochlorinaiton!!. On this basis, the standard
reduction potential couples of Au(I)/Au(0) 1.692V, Au(II)/Au(I)
1.800 V, Au(III)/Au(I) 1.401 V and Au(III)/Au(0) 1.498 V, which
showing greater reduction potentials should catalyze the acetylene
hydrochlorination despite the instability of Au(II). During the
reaction, all of the above Au redox pairs may catalyse the reaction
simultaneously or stepwise at various stages. However, the
formation of Au(0) during over-reduction is not easy to be
controlled, and its generally weak interaction with the support
surface may also lead to rapid aggregation and hence deactivation
of the catalyst!3. The adaptation of chelating soft donor atoms

(e.g. thiosulfate, thiocyanate, thiourea, and cyanides) and later
nitrogen-containing ligands (i.e. phenanthroline ligands) have
been shown to be effective to reduce over-reduction of cationic
Au atoms and improve the activity and stability of Au(I)/Au(III)
catalyst mixture at the acceptable industrial scale2?30, Despite the
commercial success by this approach there is still an ongoing
research in searching alternative stabilization means to reduce the
progressive deactivation. CeO, with facile redox properties of Ce
(IV)/Ce(IIl) of 1.720 V. may not only show good potential to
disperse and enhance the re-oxidation of Au(0) to Au(I) and Au
(III) but may also couple with other Au species for this catalysis
with faster kinetics. It is however, Au/CeO, system has been
rarely studied in detail in acetylene hydrochlorination especially
its effects on redox chemistry of Au species and catalyst life-
time22. In contrast, their redox nature and metal re-dispersion in
three-way catalysts has been well-documented3!. CeO, has been
found to be able to easily accept, release, and transport excess
electrons in a polaronic state derived from a narrow 4f-band. It is
envisaged that the Au cations may dynamically break away from
the Au nanoparticle to catalyse the reaction, adjacent to the
metal/oxide interface under the reaction conditions.

In this work, the activity and stability of Au have been carefully
studied with CeO, inclusion as compared to other metal oxides
with and without porous support for acetylene hydrochorination
reaction. With the incorporation of a porous support, activated
carbon (AC) or zeolite 13x (13x), Au/CeQ, catalysts are indeed
found to display the highest activity in acetylene hydrochlorina-
tion among all the catalysts studied. Prolonged on-stream
laboratory testing of the catalyst has also demonstrated >3000 h
(125 days) stability, implying high activity and sustainability,
whereas Au/AC without the inclusion of CeO, has progressively
deactivated within the first 500 h. In addition, highly active cat-
alysts with Au loading contents as low as 0.1 wt% are demon-
strated, reflecting material costs that may be more acceptable to
industry. Excitingly, in situ X-ray absorption (XAS) and density
functional theory (DFT) calculations have revealed that the
kinetically more labile redox Au(0)/Au(I) pair are catalytically
more active in the presence of CeO, as a mediator for the acet-
ylene hydrochlorination reaction; with the CeO, facilitating Au
(0)/Au(I) dispersion, regeneration and preventing Au(0) aggre-
gation, and thus accounting for the high stability. Total pre-
reduction of Au species to inactive Au nanoparticles of Au/CeO,/
AC when placed in C,H,/HCI stream can also rapidly rejuvenate
the deactivated catalyst. It is believed that this catalyst with ceria
can facilitate a catalytic mechanism using Au(0)/Au(I) redox pair
to alter the activity and stability in acetylene hydrochlorination,
which may offer new insights for the commercialization of Au
catalysts for this and other related industrial important reactions.

Results

Catalytic reaction. A series of 1.0 wt% Au loaded on metal oxides
was prepared by impregnation of the oxide with aqueous HAuCl,
in H,O (named as Au/metal oxide). Then a 1:1 ratio of Au/metal
oxides were mixed with a high surface porous material through
mechanical milling (named as Au/metal oxide and porous
material). Au on activated carbon (named as Au/AC) was syn-
thesized as the ref. 18 for comparison.

Figure la shows all of the Au/metal oxide catalysts and the
pure porous materials exhibit extremely low activities (blue bar)
toward acetylene hydrochlorination under this reaction condi-
tion. After mixing the Au/metal oxide with the high surface
porous materials (such as: 13X and AC) (Supplementary Table 1),
the activities are dramatically promoted (orange bar). Among the
mixed catalysts (Fig. la), the Au/CeO,&13X and Au/CeO,&AC
show the highest C,H, conversion 95.8% and 97.6%, respectively.
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Fig. 1 Reaction results of the acetylene hydrochlorination. a Various 1% Au/metal oxides and 1% Au/metal oxides and porous materials used as catalysts.
[Reaction conditions: P=0.1MPa, T =180 °C, HCl/C,H, = 1.2, GHSV(C,H,) = 720 h="1. b The refined structure of the acetylene adsorbed 13X using the
synchrotron X-ray powder diffraction, see Supplementary Information. ¢ The stability test over Au/AC, Au/CeO,&AC and Au/Ce0,&13X vs time on
stream (TOS). [Reaction conditions: P= 0.1 MPa, T=180°C, HCI/C,H, = 1.2, GHSV(C,H,) = 60 h=']. d The comparative activity of 0.1wt% Au loading
catalysts. [Reaction conditions: P=0.1MPa, T=180 °C, HCl/C,H, = 1.2, GHSV(C,H,) = 90 h~1]. e Catalyst re-activation from pre-reduced Au/AC, Au/
Ce0,&AC and Au/CeO,&13%. [Reaction conditions: P=0.1 MPa, T=180 °C, HCl/C5H, =1.2 or 2.0, GHSV(C,H,) =240 h~1]

This demonstrates that CeO, nanorod is a superior promotor.
Under the same reaction condition, it is interesting to note that
the Au/AC shows a slightly lower C,H, conversion of 87.6%
under the same loading but the selectivity of VCM is close to
99.5% for all catalysts. Both 13X and AC as support for Au are
therefore active for this reaction. It is generally believed that Au
surface is active for HCI dissociation, while high surface porous
carbon is responsible to capture C,H, for the materials interface
to carry out efficient VCM production!?. In order to confirm the
same role of C,H, capture by the porous support, 13X zeolite was
used instead of the non-crystalline activated carbon. It is
interesting to find that a high concentration of the acetylene
molecules (ca. 58 molecules unit cell ™! equals to 6.2 kg m—3) can
be elucidated (Supplementary Figure 1) inside the supercage
using the synchrotron X-ray powder diffraction combined with
Rietveld refinement (Fig. 1b and Supplementary Tables 2 and 3).
This clearly indicates that the porous material indeed provides the
key role in the capture of acetylene molecules in close proximity
to the Au active site for HCI activation and VCM production
(Fig. 1a). As stated, the stability of the catalyst is a very important
aspect for its commercialization. Therefore, the long-term
stability tests of the Au/AC, Au/CeO,&AC, and Au/CeO,&13X
were carried under identical conditions. It is interesting to find
that (Fig. 1c and Supplementary Figure 2), three catalysts show
the same high C,H, conversions of >99.9% and a VCM selectivity
of >99.9% under our chosen flowing conditions within the first
70 h. However, after that, the Au/AC starts to deactivate, with the

C,H, conversion of Au/AC decreasing to 75% within the 500 h.
The postmortem analysis shows that the Au particles are formed
over the Au/AC sample (Supplementary Figure 3), whereas there
is no sign of detectable Au particles in the case of Au/CeO,&13X
and Au/CeO,&AC and they still maintain high activity without
deactivation even after 1250 h (about 41 days). In comparison to
Au/AC, the Au/CeO,&AC was allowed to continue to perform
under the same conditions. It is interesting to find that Au/
CeO,&AC maintains its activity for over 3000 h in our laboratory
(about 4 months).

Considering the high cost of Au, 0.1 wt% Au loaded catalyst
was also prepared and tested in this work. Figure 1d shows that
0.1 wt% Au/CeO,&AC displays a C,H, conversion higher than
90%, but Au/AC at the same loading gives only 40% C,H,
conversion. The superior catalytic performance and stability of
0.1 wt% Au/CeO,&AC compared to Au/AC clearly shows that
CeO, must have displayed some crucial effects. As stated, the
deactivation of the Au catalyst in acetylene hydrochlorination is
ascribed to the over-reduction of Au cations to eventual Au(0)
particles under an unbalanced redox reaction and/or from
thermodynamically favoured auto-reduction. The additive CeO,
nanorod appears to maintain the high dispersion of Au(0)
by presumably using its Ce(IV)/Ce(IIl) reduction potential of
1.720 V to re-disperse the sintered Au(0) back to Au(I) and Au
(III) in an in situ manner. In order to confirm this point, a fresh
1.0 wt% Au/CeO,&AC and Au/AC were pre-reduced extensively
to Au(0) nanoparticles under 5% H,/N, at 350°C for 3h to

NATURE COMMUNICATIONS | (2019)10:914 | https://doi.org/10.1038/s41467-019-08827-5 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08827-5

mimic the self-regeneration of the deactivated Au(0) under the
same reaction conditions (temperature programmed reduction in
Supplementary Figure 4 also showed the inclusion of ceria
facilitated the reduction of Au cations to Au(0) at lower
temperature). Then, the reduced catalysts were transferred and
tested under the reaction conditions described in supplementary
methods. Interestingly, at the same ratio of HCl/C,H,, the activity
of the reduced Au/CeO,&AC can be fully restored, while the
reduced Au/AC shows only 20% C,H, conversion recovery even
after a prolonged time (Fig. 1e). Under higher ratio of 2:1 HCl/
C,H,, the higher concentration of HCI as oxidant can accelerate
the full recovery of the activity of Au/CeO,&AC within 240 min
on stream (in situ X-ray absorption was performed to confirm
this, see later experiments). The CeO, nanorod surface appears to
act as an efficient mediator that can re-disperse the sintered Au
particles and re-oxidise Au(0) to Au(I) and Au(III) rapidly, which
can be further demonstrated by high angle annular dark field

(002)

il
0.0 0.5 1.0 15 20 25 3.0 35 4.0 45
- Km-79-Au

imaging scanning transmission electron microscopy (HAADEF-
STEM) and X-ray absorption fine structure spectroscopy (XAFS).

STEM characterization. Figure 2a shows the HAADF-STEM
images of Au/CeO, nanorod (Supplementary Figure 5) with (110)
facet exposed, which fits well with the crystal model of the CeO,
(110) plane3? (Fig. 2a inserted atomic model). There are no
obvious Au particles buried in the CeO,, which would be evident
as bright contrast. The lattice spacing of 3.15 A corresponds to
(111) lattice spacing and 2.72 A to (002) spacing, with an inter-
planar angle of 54.6° as shown in Fig. 2a33. The FFT pattern of
this HAADF-STEM image is indexed (Fig. 2a inserted top-left
picture), which is consistent with a simulated FFT pattern of
CeO,; (110) plane (Fig. 2a inserted top-right picture). Thus, the
major exposed facet is clearly indexed as a (110) facet. In Fig. 2b a
streak of bright contrast can be seen along the edge of the CeO,,

55 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 ’

Fig. 2 HAADF-STEM imagings and spectroscopy of the Au/CeO, and Au/AC. a Lattice structure of an Au/CeO, nanorod and annotated model structure
of the CeO, (110) exposed plane (yellow ball = Ce atom, light grey ball = O atom) (scale bar, 2.5 nm). Inserts are the FFT pattern and corresponding
simulated FFT pattern. (also see Supplementary Figure 5) b Elemental EDS mapping, from the area marked within a white box, of an Au/CeO, nanorod
(scale bar, 2.5nm). ¢ A snapshot image of Au atoms dispersed on CeO, and d their drift to the edge of CeO, under electron beam (scale bar, 1nm).
e, f The Au/AC pre-reduced in 5% H,/N, for 3 h and reactivated under HCI/C,H, after 5h (scale bar, 0.5pum). g, h The Au/CeO, pre-reduced in H,
for 3 h and reactivated under HCI/C,H, after 5h (scale bar, 10 nm). (Au particles in red cycles) i EDS of an Au/CeO, nanorod
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which EDS mapping confirms to be Au. Figures 2¢, d shows four
single Au atoms moving toward the CeO, edge under electron
beam illumination (Supplementary Movie 1 shows the relative
change in atomic position between these two images). According
to our DFT model, shown later, single Au atoms can dwell on this
(110) surface with strong exothermicity with 4 surface oxygens.
As mentioned, the activity of the extensively reduced Au/
CeO,&AC can be fully recovered under the reaction conditions,
whereas the Au/AC cannot.

Figure 2e-h gives some plausible explanation. Once the well
dispersed Au atoms of Au/AC are totally pre-reduced to Au
particles (Fig. 2e), most of them are unable to be re-dispersed or
re-oxidised again under the reaction conditions (Fig. 2f). It means
that there is strong propensity to lead to irreversible aggregation
of the Au rather than its re-dispersion on the carbon surface.
Therefore, the deactivation of Au/AC is taken place during the
reaction as soon as over-reduction to Au(0) is reached. On the
contrary, no matter how deep the reduction, the Au particles
(Fig. 2g) seem to be effectively re-dispersed into Au atoms under
reaction condition as no aggregated Au particles can be visually
found (Fig. 2h). The presence of dispersed Au atoms on CeO,
nanorod was confirmed by EDS analysis (Fig. 2i). Thus, the work
clearly suggests that the pre-reduced Au particles can be rapidly
and extensively re-dispersed into Au single atoms on this CeO,
surface with the aid of HCI (Fig. 2h). According to the superior
catalytic activities and stabilities of the Au/CeO,&AC catalysts,
the re-dispersion of the Au particles and the re-oxidation of the
Au(0) in the wide range of HCI/C,H, mixture are ready to take
place to give the proper balance of redox pairs (such as: Au(0)/Au
(I)/Au(III)) at steady state instead of the uncontrolled aggregation
of Au(0) in the case on the AC surface.

XAFS characterization. To investigate the nature of the Au
and Ce oxidation state in 1.0 wt% Au/CeO,&AC during the
reaction, in situ and ex situ synchrotron X-ray absorption
experiments were performed. The white-line intensity of X-ray
absorption near edge spectroscopy (XANES) has been reported as
a reliable method to identify Au and Ce oxidation states33>,
while no photoreduction occurs significantly using the synchro-
tron radiation!8. By comparing with the appropriate standards
(Supplementary Figure 6), the components of the different metal
oxidation states that constitute to the white-line intensity can be
inferred within experimental error3®. In ex situ XANES the white-
line intensity of Au (Supplementary Figure 7) in fresh Au/
CeO,&AC catalyst is obtained at 0.98, with linear combination
fitting indicating no more than 5% contribution from Au(0),
74.9% from Au(IIl), 25.1% from Au(I) within errors. The high
Au(I) and Au(IIl) signals correlate to the decomposition of
HAuCl,>”. The multiple peak fitting®83 of the white-line
intensity of Ce edge showing that CeO, sample under the con-
ditions contains 73.6% of Ce(IV) and 26.4% Ce(III). To detect the
nature of Au and Ce under the reaction conditions, we built a
micro-reactor to perform in situ XANES analysis with HCL:C,H,
= 2:1 at 180 °C. The white-line intensity of Au L; edges and Ce L;
edges as a function of reaction time are shown in Fig. 3a, c,
meanwhile the correlated changes of the Au and Ce components
have been drawn in Fig. 3b, d. Before the addition of reactants,
the fresh Au/CeO,&AC catalyst was heated to 180 °C in N, gas.
Then, the white-line intensity of Au decreased to 0.72 (0.98 at
room temperature), which are contributed from 76.7% Au(0),
23.3% Au(I) and no more than 5% Au(III) within errors (Fig. 3b).
Thus, this corresponds to a significant increase in the Au(0) due
to auto-reduction of high oxidation states of Au species under
high temperature. Interestingly, we record an oxidation process in
the CeO, material as its Ce(IIT) component has correspondingly

been oxidised to Ce(IV) as compared to the fresh sample during
this heating period. After 30 min isotherm at 180 °C, the reactants
were introduced into the micro-reactor. During the reaction
beyond the short induction period, the component of Au(I)
increases almost linearly at the expense of Au(0) and there is only
a much smaller increase in Au(III) concentration unless the Au(I)
reaches over 35% (Fig. 3b) before they are levelled at about
240 min (while the selectivity for vinyl chloride is progressively
increased, as shown in Fig. 1e). This suggests that the initial direct
route for the formation of Au(I) from Au(0) is kinetically more
facile than that of the direct route of Au(IIl) from Au(0) or
indirect route of Au(III) formation via Au(I) despite the fact that
all the routes are thermodynamically favourable under the reac-
tion conditions (Supplementary Table 4). Hutchings and co-
workers reported the Au(I)/Au(Ill) pair as the active centre for
VCM production over their Au/AC. If this route exists, it could
not be more dominant over Au(0)/Au(I) mediated by ceria in our
case otherwise Au(III) concentration should have followed the Au
(I) concentration more closely in the Fig. 3b. In addition, we also
note that a corresponding dynamic reduction process on CeO,
material is taken place by seeing the progressive increase in the
component of Ce(III) at the expense of Ce(IV) (Fig. 3d) while the
simultaneous oxidation process of Au(0) to Au(I) occurs (Fig. 3b)
with all curves levelling at about 240 min. Notice the fitted initial
slope of Ce(III) formation from Ce(IV) of 0.078 £ 0.006 (reduc-
tion, Fig. 3d) matches well with that of the fitted initial slope of
Au(I) formation from Au(0) of 0.088 +0.012 (oxidation, Fig. 3b)
within 10% of experimental error, as shown in Supplementary
Figure 8. There is a slightly higher rate for the disappearance of
Au(0) (slope =—0.107 £0.009) than the rate of Au(I) formation
especially at the increasing Au(I) concentration at later time. This
is likely attributed by the contribution from the conversion of Au
(0) to Au(IIl) (slope of formation = +0.021+0.007) via Au(I)
through the consecutive linear regressions of these species but
this rate is relatively low. Thus, the faster Au(0)/Au(I) couple
mediated by CeO, material than that of the Au(I)/Au(IIl) pair
endorses to our previous observation that this route gives higher
activity in Au/CeO,&AC than Au/AC under identical Au loading
(refer to Fig. la, d). We attribute this observation to the one
electron fast complementary redox coupling reaction between Au
(0)/Au(I) and Ce(IV)/Ce(IIl) in this composite catalyst whereas
the 2-electron redox change of Au(I)/Au(III) would require two
one-electron transfer steps from nearby Ce(IV)/Ce(III) sites with
anticipated higher activation barriers. Notably, EXAFS derived
Au coordination number with prolonged data acquisition under
ex situ conditions are also consistent with the trend of XANES
(Supplementary Figure 9 and Table 5).

As a result, it is clear that the inclusion of ceria not only can
stabilize Au species from aggregation but can also facilitate a new
redox couple pair namely, Au(0)/Au(I) for catalysis reaction.

Determination of rate, activation barrier, and Kkinetics. As
shown in Fig. 4a, the derived activation energy from experiments
is 28.2kJ mol~! over 1.0 wt% Au/CeO,&AC and 35.1 kJ mol~!
over 1.0 wt% Au/AC. Thus, the rate of acetylene hydrochlorina-
tion is indeed facilitated on Au/CeO,&AC than on Au/AC under
the same reaction conditions. According to previous studies, the
dissociation of hydrogen chloride on the catalyst surface is slow
and hence is rate-limiting in acetylene hydrochlorination*’. To
investigate the elementary steps for the dissociation of hydrogen
chloride over Au/CeO,, density functional theory (DFT) calcu-
lations using VASP (Vienna ab initio simulation package) were
performed to estimate the potential dissociation energies for
1HCI, 2HCI, and 3HCI over CeO, (110) plane. It is noted that
only one Au atom was used in this model as shown in
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Fig. 3 In-situ XANES of 1.0 wt% Au/CeO,&AC catalyst and relative fitting values. a The in situ XANES spectra of Au L3 edges as a function of reaction
time and b the relative linear combination fitting analysis with the fitting errors. € The in situ XANES spectra of Ce L3 edges as a function of reaction time
and d the relative multiple peak fitting analysis with the fitting errors. To minimise the conceivable influence by acetylene adsorption and the changes in
metal speciation geometry in XANES spectra fitting, the higher ratio of HCl/C,H, = 2: 1 (Fig. Te). Au standards of 1.1 Au(lll) (e.g. [AuCl4]17), 0.7 and 1.0 Au
(1) (e.g. [AuCl,]1~ and AuCl), and Au(0) foil, Ce standards of 1.8 Ce(IV) and 2.6 Ce(lll) are used for fitting the typical normalized white-line intensity values
(Supplementary Figure 6). The details of the fitting are described in supporting information. Before introducing the reactants into micro-reactor, the

fresh Au/CeO,&AC catalyst was heated to 180 °C in N, gas for 30 min. The colour indicates the difference in the white-line intensity: from 0 to 0.5 to >1
(blue to yellow to red) for Au, O to 0.8 to >1.5 (blue to yellow to red) for Ce

Supplementary Figure 10. So, we calculated the subsequent dis-
sociation of three HCI molecules on the same stabilized Au atom
by CeO,. First, a CeO, model (10.822 x 7.652 x 21.652 A) with
exposed (110) plane was constructed. When a free Au atom was
placed over the CeO, (110) plane, it converged to give a strong
adsorption energy of —2.1 eV with the Au atom located at the
top-middle of four oxygens of the CeO, (110) plane, as shown in
Fig. 4c. The subsequent energy profiles for HCI dissociations and
the geometries of the complexes are shown in Fig. 4b. As
observed in the initial state (L.S.), the hydrogen chloride is
adsorbed on Au through its Cl atom. At the transition state (T.S.),
the H atom of HCIl leaves the Cl (distance) and moves to the O
atom of CeO,, as described in Fig. 4b. The highest energy barrier
between T.S. and LS. is 1.87 eV, which is the first activation
barrier of the dissociation of the HCl. Consequently, the dis-
sociation energies for the second (2.20eV) and third (2.45eV)
HCI dissociations were found to increase, presumably due to the
steric effects of placing further HCI molecules to the same Au in
this configuration. Despite the differences in thermodynamic
values between Au redox pairs, the calculations clearly show that

6

the lowest kinetic barrier for the 1st HCI dissociation on Au(0) to
Au(I) mediated by neighbour Ce(IV) is indeed the more facile
step than that of the stepwise dissociations to produce higher
oxidation states Au species, which are consistent with our
experimental observations (Fig. 3b) and the rate analysis. Thus,
the intrinsic higher rate for one HCI molecule dissociation to give
Au(0) to Au(I) oxidation mediated by one electron com-
plementary Ce(IV)/Ce(III) reduction at the (110) plane is clearly
demonstrated to be more favourable compared to the more
energetic three HCI dissociations in the conversion of Au(0) to
Au(Ill) of non-complementary electron reduction steps. We
anticipate a similarly higher activation barrier for the subsequent
oxidation of Au(I) to Au(IIl) as in the case of Au/AC although
different catalyst (Au/CeO,&AC) was demonstrated for calcula-
tions. The catalytic cycle between Au(0)/Au(I) mediated by Ce
(IV)/Ce(III) is thus kinetically more favoured than Au(I)/Au(III)
rather than their predicted trends from Au(I)/Au(Il), Au(I)/Au
(III) and Au(0)/Au(IIl) according to standard thermodynamic
electrode potentials. The final state (E.S.) is the complete bond-
breaking of HCI; the Cl interacts with Au and the H bonds to O
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green, and grey, respectively. ¢ The Au(0)/Au(l) redox switching mediated by Ce(IV)/Ce(lll) over Au/CeO,&AC in acetylene hydrochlorination to vinyl

chloride

of CeO, and reaching the stable configuration with the lowest
potential energy to this facilitated the hydrochlorination process.
It should be noted that according to Fig. 4c that Au appears to
remain as Au(0) in the transition state of Au(0)-Cl~ and Ce(IV)-
OHT (TS) before forming the stable products (FS) of Au(I)-Cl
and Ce(III)-OH, this is not a stable state but as a concerted steps
of dissociation of HCl and probably a simultaneous electron
transfer to surface Ce** to Ce3t.

Discussion

Combined XANES, EXAFS, and catalytic results, the proposed
mechanism for the reaction of acetylene hydrochlorination is thus
summarised in Fig. 4c. The thermodynamic force for fast Au(0)/
Au(I) as active redox pair for hydrochlorination of acetylene is
obtained from the coupling with the high redox potential of Ce
(IV)/Ce(III) and the facile kinetics for the stabilization and dis-
persion of Au species by favourable CeO, surface site. The Ce(IV)
facilitates the rapid dispersion and facile oxidation of Au(0)
before its aggregation to nano-clusters/nanoparticles to Au(I)
on the (110) CeO, surface under the reaction conditions, which
avoids the classical deactivation of the Au cation to aggregated Au
(0) particles on the carbon surface. As the scheme shows the
redox couple is Au(0)Ce(IV)/Au(I)Ce(III) over Au/CeO,&AC
system and the hydrochlorination initiates from the dissociation
of HCI at the interface of Au/CeQ,. As a result, the HT bonds to

the O of Ce(IV) and Cl~ interacts with the Au(0) on the CeO,
(110) plane. Consequently, the Au(0) is rapidly oxidized to Au(I)
by the Ce(IV) being in close proximity, which will be simulta-
neously reduced to Ce(III), thus concomitantly increase the ratio
of Ce(III)/Ce(IV) and Au(I)/Au(0) as according to the in situ
XANES data. When acetylene from the reaction mixture is in
contact, Au(I)-Cl and HT are reductively regenerated to Au(0)
with the production of VCM, which are mediated by the rapid
and facile oxidation of Ce(III) in the same stable site, yielding the
high activity without deactivation. Thus, we show for the first
time that the Au(0) do not necessarily aggregate into an unde-
sirable deactivated state, as seen in the Au/AC system?8, but can
be directly involved in a fast redox catalysis for VCM production
due to the facile mediator roles of CeO, under HCl/acetylene
flow. This opens up new search for other surface mediators to
utilize Au(0) directly in catalysis and eliminate its strong pro-
pensity of aggregation in complementary to the existing hunt for
stabilizing higher Au species against auto-reduction.

In conclusion, we show the strong surface stabilization and fast
electron redox mediating effect of CeO, in maintaining the high
dispersion of Au species and buffering the redox properties so no
inert Au particles can be made under a wide range of HCl/acet-
ylene ratios and reaction conditions. A faster Au(0)/Au(I) pair
mediated by Ce(IV)/Ce(III) can be facilitated instead of the non-
mediated Au(I)/Au(III) pair in the hydrochlorination of acetylene
to VCM. The essential components for Au and CeO, and porous
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support with lower Au content can sustain higher intrinsic
hydrochlorination activity than that of Au/AC without noticeable
deactivation for at least over 3000 h that may provide important
clues for the commercialization of this process.

Method
Preparation of Au/metal oxide and porous material. A series of 1.0 wt% Au
loaded on metal oxides was prepared by impregnation of the oxides with aqueous
HAuCl, in H,O (named as Au/metal oxide). Then the 1:1 ratio of Au/metal oxides
were mixed with a high surface porous material through mechanically milling
(named as Au/metal oxide and porous material). Similarly, ultra-low Au loading
of 0.1 wt% Au/CeO, was prepared based on the above procedures.

Typically, ceria oxide was prepared by hydrothermal synthesis as established
methods*! as follows: 20 mL of 3.47 g Ce(NO3);-6H,O aqueous solution and
140 mL of 9 mol L~ NaOH solution were stirred for 30 min at room temperature
in a 200 mL Teflon-lined stainless-steel autoclave. The sealed autoclave was
transferred to a temperature controlled oven at 100 °C and held there for 24 h.
After cooling, the precipitate was filtered, washed with hot deionized water and
dried at 110 °C for 12 h. The obtained yellow powder was then calcined at 550 °C in
air for 6 h. The activated carbon used in this study was the coconut activated
carbon with a BET surface area of 1128 m? g~, total pore volume and average
pore diameter of 0.45 cm3g~! and 2.68 nm, respectively. The carbon used as the
milled materials was identical to the activated carbon used for other preparations.

1% Au/CeO, shown in Fig. la was prepared by deposition-precipitation
method, using urea as precipitant42. Typically, an aqueous solution of
HAuCly4H,0 (2.4 mL, 10 gL~1) was mixed with 2.0 g of CeO,. Then a
corresponding amount of urea in a molar ratio of gold to urea of 1/125 was added
as the precipitating agent. The mixed solution was stirred at 90 °C for 8 h and then
aged for 12 h at room temperature. Afterward, the precipitate was separated by
centrifugal, washed with deionized water and dried at 110 °C and the obtained
mixture was denoted as Au/CeO, (1.02 wt% Au was confirmed by inductive
coupled plasma atomic emission spectrometry (ICP-AES)). Then a 1:1 ratio of Au/
metal oxide was mixed with a high surface porous material through mechanical
milling (named as Au/metal oxide and porous material).

Preparation of Au/AC. AC support was initially refluxed under stirring with
HNO; (15 wt%) for 5h at 80 °C to remove Na, Fe, and Al contaminants, which
were the main impurities in the catalyst preparation and catalytic acetylene
hydrochlorination reaction. The purified carbon sample were washed by deionized
water, and dried at 120 °C overnight*3.

Gold supported on AC samples (same type as above) were prepared via the
impregnation method as previously reported#*. For example, the 2 g Au/AC (1.0 wt
% Au content) catalyst was manufactured using an incipient wetness impregnation
method with the addition of aqua regia of HAuCl, solution (2.4 mL, 10 gL~1).
Then the sample was dried at 110 °C overnight and preserved as catalyst Au/AC
for evaluations.

Reactor setup. Catalytic performance of acetylene hydrochlorination was tested in
a fixed bed micro-reactor (i.d. of 8 mm, BetterWorks Intelligent Technology
Company) at slightly above ambient pressure. The reaction temperature was
controlled by a LWT-800 temperature controller. C,H, and gaseous HCI were
dried and dehydrated through silica-gel drier. In detail, the temperature of the
reactor was firstly ramped to 150 °C and then maintained there for 30 min with N,
flow prior to the catalytic test to remove moisture and air from the catalyst system.
Afterward, the reactor temperature was adjusted to 180 °C under the flow of dried
HCI (with N, balance) to pre-activate the gold-based catalysts for 30 min. When
the temperature of reaction system reached 180 °C, the calibrated HCI and C,H,
gases were allowed to purge into the reactor by mass flow controllers with a given
GHSV/(C,H,) ranging from 60 to 900 h—1. The pressure of the reactants was set in
the range of 1.1-1.2 bar. The product gas mixture was passed to a vessel filled with
NaOH solution to remove the redundant HCI and the remaining gas mixture was
then analyzed by an online gas chromatography (GC-2060) equipped with a
packed column (GDX-502) and a flame ionization detector. The HCl/C,H, molar
ratio of 1.2 was used?>.

Conversion and selectivity calculation (equation). The concentration reactants
and products were determined by our on-line system. Specifically, the analysis
conditions: 4 m x ®3 mm chromatographic column packing with GDX-502; col-
umn temperature and vaporizer temperature were controlled at 100 °C and 200 °C,
respectively. The catalytic performance was evaluated in terms of acetylene con-
version (X,) and selectivity towards the VCM (Sycm) product. The catalytic results
were defined and expressed as the following equations, respectively.

X, = Y20 =% 1000, (1)
Pao
__ 9vc
Syey = TNk 100%, )

where ¢, is designated as the volume percentage of acetylene in the mixture
of reactant gases, while the ¢, and @y are designated as the unreacted acetylene
and produced vinyl chloride in the flow of reacted gases, respectively*®.

Kinetic data were collected over our microreactor catalyst system with analyzing
the activation energies for both the catalysts Au/C and Au/CeO,&AC at low C,H,
conversions of below 20% in a high GHSV so the data were far from those values at
thermodynamic equilibrium and there was no substrate depletion over these
temperatures.

Laboratory characterization. Powder X-ray diffraction (XRD) diffraction patterns
were examined using a Rigaku Ultima IV X-ray diffractometer fixed with Cu-K,
radiation (40kV and 30 mA) scanned ranging from 10° to 90°. The diffraction
characteristics were confirmed with reference features in the JCPDS cards.

The specific surface area of various catalyst systems were measured using the
Brunauer-Emmett-Teller (BET) method. The total pore volume was calculated
dependent on the adsorbed N, volume. The average pore diameter was determined
by desorption isotherm branch derived from the Barrett-Joyner-Halenda (BJH)
method.

Scanning transmission electron microscopy (TEM), high-resolution TEM
(HRTEM) visualization were carried out on a Philips Analytical FEI Tecnai 30
electron microscope conducted at an accelerated voltage of 300kV. In particular,
the catalyst powders were lightly ground and then dispersed in ethanol coupled
with ultrasonic process at room temperature. Subsequently, the obtained solution
was dropped onto the copper grids hosted by holey carbon films. The
morphologies, metal nano-clusters, and microstructures of series of catalysts were
imaged through a JEOL ARM200CF microscope examined at 200 kV. Analogously,
TEM specimens were proceed by pipetting 5 uL catalyst solution in ethanol onto
carbon-coated copper mesh grids (400 meshes).

Hydrogen-temperature-programmed reduction (H,-TPR) measurements were
performed by a Micromeritics ASAP AutoChem II 2920 apparatus with the
analysis of a thermal conductivity detector (TCD) mode. Specifically, 50 mg of
catalyst was firstly pretreated in a quartz U-tube reactor at 120 °C to remove
moistures and air for 2 h under the flow of He (30 mL min~—!). Then the
temperature of sample was cooled down to 50 °C protected by flowing He,
afterward, the system temperature was heated from 50 to 600 °C (10 °C min~!)
with a 5.0 vol% H,/Ar stream at a rate of 30 mL min—!.

The loadings of Au were measured by inductively coupled plasma atomic
emission spectrometry (ICP-AES) with an NCS Plasmal000. The Au/CeO, was
added into aqua regia and boiled for 20 min. The solution was filtered into a 25 mL
volumetric flask after cooling down and similarly diluted with 5% HCI solution.
The catalysts with carbon supports were calcined in a muffle furnace at 550 °C
for 4h at a heating rate of 4 °C min~! to burned away the carrier. The remained
Au was dissolved in aqua regia and then diluted with 5% HCl into a 25 mL
volumetric flask.

Synchrotron X-ray powder diffraction (XRD). High resolution Synchrotron
PXRD data were collected on Beamline 111, Diamond Light Source, UK. Detailed
description of the beamline can be found elsewhere?’. The energy of the incident
X-ray beam was set at 15 keV. The wavelength and the 28-zero point correction
were refined using a diffraction pattern obtained from a high quality silicon powder
(SRM640c). For room temperature, the fine zeolite powder was loaded in a 0.7 mm
borosilicate glass capillary.

Rietveld refinement was performed using TOPAS-Academic 5. 13X zeolite
starting model is obtained from reference®3. For butene adsorbed 13X sample,
SXRD peaks appear at below 26 = 50°, thus data at 2.5-50° was used for Rietveld
refinement. In total, there are 765 hkl reflections measured within this 26 range, of
which at least 90-independent ones were observed. From a mathematical
perspective, the number of variables should not exceed the number of observables.
In the Rietveld refinement performed in this work, the number of varied structural
parameters has not exceeded 60 (<90). Thus, the resulting crystallographic models
are reliable. The background was described by a shifted Chebyschev function. A
Thompson-Cox-Hastings pseudo-Voigt peak function was used to describe the
shape of diffraction peaks. The scale factor and lattice parameters were allowed to
vary at all times. Refined structural parameters include the fractional coordinates
(%, 3, 2), isotropic displacement factors (B.g), site occupancy factors (SOFs), the
translation and rotation of the axes of the rigid bodies describing the guest
molecules within the zeolite framework. The rigid bodies were described by
Z-matrix. The quality of the refinement was assured by a small weighted-profile
R-factor (Ryp), a small goodness-of-fit (GOF) factor and acceptable B.q within
experimental errors.

The crystallographic data and refinement details of all samples are summarized
in Supplementary Table 2. The atomic arrangements of these samples are presented
in Supplementary Table 3.

Synchrotron X-ray absorption fine structure (XAFS). XAFS spectra for all the
Au/CeO,&AC samples were recorded at the Au L; and Ce L3 absorption edge, in
fluorescence mode using a Lytle fluorescence detector, under reaction conditions,
at beamline BLO7A of the Taiwan light source at National Synchrotron Radiation
Research Center in Taiwan. A Si (111) Double Crystal Monochromator(DCM) was
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used to scan the photon energy. The energy resolution for the incident X-ray
photons was estimated to be 2 x 10~4. The Demeter software package (Athena and
Artemis) was used for XAFS data analysis for both the Au and Ce data. To
ascertain the reproducibility of the experimental data, at least two scan sets were
collected and compared for each ex situ sample. The spectra were calibrated
with foils as a reference. And the amplitude parameter was obtained from
EXAFS data analysis of the Au foil, which was used as a fixed input parameter
in the data fitting to allow the refinement in the coordination number of the
absorption element. In this work, the first shell data analyses under the assumption
of single scattering were performed with the errors estimated by R-factor.

The X-ray near edge structure (XANES) region of the XAFS spectrum is used to
probe and quantify the relative ratio of different oxidation states. For Au the white
line intensity could be interpreted as the primary transition from Au 2ps, to 5d
orbital. Therefore the white line intensity is in a direct correlation to the oxidation
state. A linear combination fitting is employed using standards of AuCls, [AuCl,]~,
AuCl, and Au foil (Supplementary Figure 6).

As for Ce a quantitative analysis was performed by simulating the edge jump
with arctangent function and the peak features with Gaussian function®”. The
centre of the arctangent function was set as the inflection point of the main
absorption edge. Peak positions at 5737.7 ¢V and 5730.8 eV were assigned to
the final state 2p,4f05d* and 2p,4{05d*L;, with reference from a CeO, standard,
where p;, represents the electron hole resulted in the 2p;,, orbital, 5d* denotes
the presence of the excited electron in the 5d orbital, and Lj, refers to the
ligand hole present in the anion orbital. Peak position at 5726.3 eV was
assigned to the valence state of Ce3t with reference from a CeCl; standard. A
small peak at 5720.5 eV in the pre-edge region was also assigned to the final state
2p4f* which is forbidden due to the selection rule. The individual peak areas from
Ce3t and Ce** were integrated and the corresponding weight ratio is calculated.
The R-factor obtained (<0.06%) is within acceptable value. (Supplementary
Figure 6).

For the in situ measurements the spectrum was obtained in fluorescence mode
using a fixed bed reactor with Kapton windows to allow synchrotron X-rays to pass
through. The temperature was controlled with a Eurotherm controller with a
thermocouple positioned in the centre of the heating block. For safety reasons,
dilute gas mixtures were used. C,H,/Ar (5% balanced in N,, BOC) and HCI/Ar
(5% balanced in N,) gases were introduced to the heated chamber containing the
fixed bed of catalysts with flow rates controlled by mass flow controllers. The
reactor was heated to 180 °C at a ramp rate of 5 °C/min and held at temperature for
30 min under a flow of N,. The reaction gas HCI/Ar was first introduced into the
system at a flow rate 40 mL min~! and XAFS spectrum was obtained until no
change in white line intensity was observed. N, (40 mL min~!) was then passed
to clean the surface and held at 30 min. The reaction gas C,H,/Ar was then
subsequently introduced into the system at a flow rate 40 mL min~! and XAFS
spectrum was obtained until no change in white line intensity was observed. N,
(40 mL min~!) was then passed to clean the surface and held at 30 min. Finally
mixed gas HC/Ar (40 ml min~!) and C,H,/Ar (20 mL min~!) was passed. The
time resolution of the data acquisition for Au and Ce was 4 min 30's and 7 min
20 s, respectively.

DFT calculation. To investigate the elementary steps for the dissociation of

the hydrogen chloride over the Au/CeQ,, density functional theory (DFT) calcula-
tions using VASP were performed to estimate the potential dissociation energies for
1HCI, 2HClI, and 3HCI over CeO, (110) plane. First, a CeO, model (10.822 x 7.652 x
21.652 A) with exposed (110) plane was constructed. The periodic slab model com-
prised a five-layer CeO,, a supercell with dimensions of 10.822 x 7.652 x 21.652 A3 for
the 20 Ce-atom and 40 O-atoms, separated by a vacuum space of 14 A, exposing the
{110} facet; and the adsorbed HCl molecule and the Au atom above the surface, the
top three-layer were allowed to fluctuate by a given perturbation, while the Ce and O
atoms at the bottom two-layer remained fixed as the boundary condition. Total
energy calculations were performed using a 3 x 3 x 1 k-point mesh. During the
structural optimization, HCl molecule was supposed to adsorb on the Au/CeO, (110)
slab. The simulations were undertaken using Au/CeO,(110) slab to model the E 45 of
HCI on the Au/CeO,(110) slabs. The adsorption energy, E,q4 is defined as the sum of
interactions between the adsorbate HCl molecule and slab atoms, and it is given as
Eads = Erota—Eawce02(110) slab=Eligand> Where Erotaly Eawceoz(110) stab» and Eijgang are
total energy of the system, Au/CeO,(110) slab energy, and adsorbate ligand energy
(one HCI molecule, two HCl molecules and three HCI molecules), respectively. The
negative sign of Eads corresponds to the energy gain of the system due to

ligand adsorption. In DFT calculations, we employed projector-augmented waves
(PAW)?0-33 generalized gradient approximation (GGA)*4%° as implemented in the
Vienna ab initio simulation package (VASP)*%>7. The spin-polarized first-principles
total energy calculations are performed using an ultrasoft pseudopotential method.
For the transition state (TS) determination, the nudged elastic band (NEB)
method®>*8-60 implemented in VASP, was applied. The system would gradually
become relaxed to achieve a balanced state with convergent energy, when the forces
on the relaxed atoms were less than 0.01 eV/A. The relative energies of the initial state,
transition state, and final state presented in this study were zero-point-energy
obtained from frequency calculations at the same level of optimization. The energy
convergence of the LS. and F.S. was scanned by 16 images.
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available within the article and its supplementary information files.

Received: 28 November 2018 Accepted: 31 January 2019
Published online: 22 February 2019

References

1. Qiao, B. T. et al. Single-atom catalysis of CO oxidation using Pt-1/FeOy.
Nat. Chem. 3, 634-641 (2011).

2. Yang, X. F. et al. Single-atom catalysts: a new frontier in heterogeneous
catalysis. Acc. Chem. Res. 46, 1740-1748 (2013).

3. Liu, L. & Corma, A. Metal catalysts for heterogeneous catalysis: from single
atoms to nanoclusters and nanoparticles. Chem. Rev. 118, 4981-5079 (2018).

4. Fu, Q, Saltsburg, H. & Flytzani-Stephanopoulos, M. Active nonmetallic Au
and Pt species on ceria-based water-gas shift catalysts. Science 301, 935-938
(2003).

5. Hayashi, T., Tanaka, K. & Haruta, M. Selective vapor-phase epoxidation of
propylene over Au/TiO, catalysts in the presence of oxygen and hydrogen.
J. Catal. 178, 566-575 (1998).

6. Hutchings, G. J. Catalysis by gold. Catal. Today 100, 55-61 (2005).

7. Lee, ], Park, J. C. & Song, H. A nanoreactor framework of a Au@SiO, yolk/
shell structure for catalytic reduction of p-nitrophenol. Adv. Mater. 20,
1523-1528 (2008).

8. Murdoch, M. et al. The effect of gold loading and particle size on
photocatalytic hydrogen production from ethanol over Au/TiO,
nanoparticles. Nat. Chem. 3, 489-492 (2011).

9. Wittstock, A., Zielasek, V., Biener, J., Friend, C. M. & Baumer, M. Nanoporous
gold catalysts for selective gas-phase oxidative coupling of methanol at low
temperature. Science 327, 319-322 (2010).

10. Conte, M. et al. Hydrochlorination of acetylene using a supported gold
catalyst: a study of the reaction mechanism. J. Catal. 250, 231-239 (2007).

11. Hutchings, G. J. Vapor-phase hydrochlorination of acetylene - correlation of
catalytic activity of supported metal chloride catalysts. J. Catal. 96, 292-295
(1985).

12. Hutchings, G. J. & Haruta, M. A golden age of catalysis: a perspective.
Appl. Catal. A-GEN 291, 2-5 (2005).

13. Nkosi, B., Adams, M. D., Coville, N. J. & Hutchings, G. J. Hydrochlorination
of acetylene using carbon-supported gold catalysts - a study of catalyst
reactivation. J. Catal. 128, 378-386 (1991).

14. Jayakrishnan, K. & Lakshmi, S. Immobile plasticizer in flexible PVC. Nature
396, 638-638 (1998).

15. Lakshmi, S. & Jayakrishnan, A. Migration resistant, blood-compatible
plasticized polyvinyl chloride for medical and related applications. Artif.
Organs 22, 222-229 (1998).

16. Dan, N. & Trung, T. Q. Kinetics of gas-phase hydrochlorination of acetylene
over a mercury catalyst. React. Kinet. Catal. Lett. 17, 423-426 (1981).

17. Malta, G., Freakley, S. J., Kondrat, S. A. & Hutchings, G. J. Acetylene
hydrochlorination using Au/carbon: a journey towards single site catalysis.
Chem. Commun. 53, 11733-11746 (2017).

18. Malta, G. et al. Identification of single-site gold catalysis in acetylene
hydrochlorination. Science 355, 1399-1402 (2017).

19. Zhao, J. et al. Activated carbon supported ternary gold-cesium(I)-indium(III)
catalyst for the hydrochlorination of acetylene. Catal. Sci. Technol. 5,
4973-4984 (2015).

20. Zhu, M. Y. et al. Development of a heterogeneous non-mercury catalyst for
acetylene hydrochlorination. ACS Catal. 5, 5306-5316 (2015).

21. Huang, C. F, Zhu, M. Y,, Kang, L. H,, Li, X. Y. & Dai, B. Active carbon
supported TiO,-AuCl3/AC catalyst with excellent stability for acetylene
hydrochlorination reaction. Chem. Eng. J. 242, 69-75 (2014).

22. Li, G. B, Li, W. & Zhang, J. L. Non-mercury catalytic acetylene
hydrochlorination over activated carbon-supported Au catalysts promoted by
CeQ,. Catal. Sci. Technol. 6, 1821-1828 (2016).

23. Zhou, K. et al. A low content Au-based catalyst for hydrochlorination of C,H,
and its industrial scale-up for future PVC processes. Green. Chem. 17,
356-364 (2015).

24. Johnston, P., Carthey, N. & Hutchings, G. J. Discovery, development, and
commercialization of gold catalysts for acetylene hydrochlorination. J. Am.
Chem. Soc. 137, 14548-14557 (2015).

25. Zhang, H. et al. Non-mercury catalytic acetylene hydrochlorination over
bimetallic Au-Co(iii)/SAC catalysts for vinyl chloride monomer production.
Green. Chem. 3, 829-836 (2013).

26. Li, G, Li, W. & Zhang, J. Non-mercury catalytic acetylene hydrochlorination
over activated carbon-supported Au catalysts promoted by CeO2. Catal. Sci.
Technol. 6, 1821-1828 (2016).

| (2019)10:914 | https://doi.org/10.1038/s41467-019-08827-5 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Haiyang, Z. et al. Non-mercury catalytic acetylene hydrochlorination over
spherical activated-carbon-supported Au-Co(III)-Cu(II) catalysts. J. Catal.
316, 141-148 (2014).

Nkosi, B. et al. Hydrochlorination of acetylene using gold catalysts - a study of
catalyst deactivation. J. Catal. 128, 366-377 (1991).

Zhong, J., Xu, Y. & Liu, Z. Heterogeneous non-mercury catalysts for acetylene
hydrochlorination: progress, challenges, and opportunities. Green. Chem.,
https://doi.org/10.1039/c1038gc00768¢ (2018).

Goguet, A. et al. Increased dispersion of supported gold during methanol
carbonylation conditions. J. Am. Chem. Soc. 20, 6973-6975 (2009).

Wang, Y. G., Mei, D. H,, Glezakou, V. A, Li, J. & Rousseau, R. Dynamic
formation of single-atom catalytic active sites on ceria-supported gold
nanoparticles. Nat. Commun. 6, 6651 (2015).

Wolcyrz, M. & Kepinski, L. Rietveld refinement of the structure of ceocl
formed in Pd/CeO, catalyst - notes on the existence of a stabilized tetragonal
phase of La,O; in La-Pd-O system. J. Solid State Chem. 99, 409-413 (1992).
Yang, Y. S. et al. Redox enzyme-mimicking activities of CeO, nanostructures:
intrinsic influence of exposed facets. Sci. Rep. 6, 35344 (2016).

Chang, S. Y. et al. Structure and bonding in Au(I) chloride species: a critical
examination of X-ray absorption spectroscopy (XAS) data. RSC Adv. 5,
6912-6918 (2015).

Pantelouris, A., Kuper, G., Hormes, J., Feldmann, C. & Jansen, M. Anionic
gold in Cs3AuO and Rb3;AuO established by X-ray-absorption spectroscopy. J.
Am. Chem. Soc. 117, 11749-11753 (1995).

Parsons, J. G., Dokken, K., Peralta-Videa, I. R., Romero-Gonzalez, J. &
Gardea-Torresdey, J. L. X-ray absorption near edge structure and extended
X-ray absorption fine structure analysis of standards and biological samples
containing mixed oxidation states, of chromium(III) and Chromium(VI).
Appl. Spectrosc. 61, 338-345 (2007).

Otto, K., Acik, I. O., Krunks, M., Tonsuaadu, K. & Mere, A. Thermal
decomposition study of HAuCl4 center dot 3H(2)O and AgNOj; as precursors
for plasmonic metal nanoparticles. J. Therm. Anal. Calorim. 118, 1065-1072
(2014).

Karnatak, R. C., Esteva, J. M. & Dexpert, H. X-ray absorption studies of CeO,,
PrO,, and TbO, .1. Manifestation of localized and extended f-states in the 3d
absorption-spectra. Phys. Rev. B 36, 1745-1749 (1987).

Dexpert, H. et al. X-ray absorption studies of CeO,, PrO,, and TbO, .2. Rare-
earth valence state by liii absorption edges. Phys. Rev. B 36, 17501753 (1987).
Wang, Y., Zhu, M. Y., Kang, L. H. & Dai, B. Neutral Au-n (n=3-10) clusters
catalyze acetylene hydrochlorination: a density functional theory study.

RSC Adv. 4, 38466-38473 (2014).

Mai, H.-X. et al. Shape-selective synthesis and oxygen storage behavior of ceria
nanopolyhedra, nanorods, and nanocubes. J. Phys. Chem. B 109, 24380-24385
(2005).

Chen, B.-B., Shi, C,, Crocker, M., Wang, Y. & Zhu, A.-M. Catalytic removal of
formaldehyde at room temperature over supported gold catalysts. Appl. Catal.
B 132, 245-255 (2013).

Yang, Z. et al. Sulfur-doped graphene as an efficient metal-free cathode
catalyst for oxygen reduction. ACS Nano 6, 205-301 (2012).

Ke, J. H. et al. Yttrium chloride-modified Au/AC catalysts for acetylene
hydrochlorination with improved activity and stability. J. Rare Earths 35,
1083-1091 (2017).

Hoshiya, N. et al. Sulfur modification of Au via treatment with piranha
solution provides low-pd releasing and recyclable pd material, sapd. J. Am.
Chem. Soc. 132, 7270-7272 (2010).

Conte, M. et al. Aqua regia activated Au/C catalysts for the hydrochlorination
of acetylene. J. Catal. 297, 128-136 (2013).

Thompson, S. P. et al. Beamline I11 at Diamond: a new instrument for high
resolution powder diffraction. Rev. Sci. Instrum. 80, 075107 (2009).
Butikova, I. K., Shepelev, Y. F. & Smolin, Y. I. Crystal-structure of csnax-zeolite
in hydrated and dehydrated forms. Kristallografiya 34, 1141-1145 (1989).
Bianconi, A. et al. Specific intermediate-valence state of insulating 4f
compounds detected by X-ray absorption. Phys. Rev. B: Condens. Matter 35,
806-812 (1987).

Blochl, P. E. Projector augmented-wave method. Phys. Rev. B: Condens.
Matter 50, 17953-17979 (1994).

Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B: Condens. Matter 59, 1758-1775
(1999).

Payne, M. C,, Teter, M. P, Allan, D. C,, Arias, T. A. & Joannopoulos, J. D.
Iterative minimization techniques for abinitio total-energy calculations -
molecular-dynamics and conjugate gradients. Rev. Mod. Phys. 64, 1045-1097
(1992).

53. Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized
eigenvalue formalism. Phys. Rev. B: Condens. Matter 41, 7892-7895 (1990).

54. Perdew, J. P. et al. Atoms, molecules, solids, and surfaces - applications of the
generalized gradient approximation for exchange and correlation. Phys. Rev.
B: Condens. Matter 46, 6671-6687 (1992).

55. Perdew, J. P. Electronic Structure of Solids 1991. (Aka- demie Verlag, Berlin,
1991).

56. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B: Condens. Matter
54, 11169-11186 (1996).

57. Kresse, G. & Hafner, J. Abinitio molecular-dynamics for liquid-metals.

Phys. Rev. B: Condens. Matter 47, 558-561 (1993).

58. Henkelman, G., Uberuaga, B. P. & Jonsson, H. A climbing image nudged
elastic band method for finding saddle points and minimum energy paths.
J. Chem. Phys. 113, 9901-9904 (2000).

59. Mills, G., Jonsson, H. & Schenter, G. K. Reversible work transition-state theory
- application to dissociative adsorption of hydrogen. Surf. Sci. 324, 305-337
(1995).

60. Ulitsky, A. & Elber, R. A new technique to calculate steepest descent paths in
flexible polyatomic systems. J. Chem. Phys. 92, 1510-1511 (1990).

Acknowledgements

The supports of this project from the EPSRC of UK (EP/K040375/1), National Key R&D
Program of China (2017YFA0206801), the National Natural Science Foundation of
China (21473145 and 21503173) and the Program for Innovative Research Team in
Chinese Universities (IRT 14R31) are gratefully acknowledged. The authors wish to
thank the National Synchrotron Radiation Center, Hsinchu, Taiwan for accessing its XAS
facilities. The use of beamline I11 of Diamond Light Source, UK for the SXRD char-
acterization is greatly appreciated. The authors also acknowledge the use of the Com-
puting Facilities of National Taiwan University of Science and Technology in the
completion of the theoretical part of this work.

Author contributions

X.D. and Y.Z. synthesised and tested the catalysts. J.Z. and T.A. analysed the catalytic
data. SW., T.W., and Y.S. obtained and processed the XAFS data. A.W.R. collected and
analysed the structure from HAADF-STEM images. H.-L.C. performed DFT calculation.
LY, S.D., and C.T. worked on structure refinements. L.Y. and S.C.E.T. wrote the
manuscript. Y.Y. and S.C.E.T. supervised the project.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-08827-5.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks Jinli Zhang, and the
other anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:914 | https://doi.org/10.1038/s41467-019-08827-5 | www.nature.com/naturecommunications


https://doi.org/10.1039/c1038gc00768c
https://doi.org/10.1038/s41467-019-08827-5
https://doi.org/10.1038/s41467-019-08827-5
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Self- regeneration of Au/CeO2 based catalysts with enhanced activity and ultra-stability for acetylene hydrochlorination
	Results
	Catalytic reaction
	STEM characterization
	XAFS characterization
	Determination of rate, activation barrier, and kinetics

	Discussion
	Method
	Preparation of Au/metal oxide and porous material
	Preparation of Au/AC
	Reactor setup
	Conversion and selectivity calculation (equation)
	Laboratory characterization
	Synchrotron X-ray powder diffraction (XRD)
	Synchrotron X-ray absorption fine structure (XAFS)
	DFT calculation

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




