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Gold on activated carbon (Au/AC) materials are promising alternative catalysts for ethyne hydrochlorina-
tion. The preparation of active, stable Au/AC catalysts without aqua regia for ethyne hydrochlorination
remains a significant challenge. A novel catalyst preparation protocol involving impregnation using a
H,0,/HCI mixture is established for highly active Au/AC catalysts comprising primarily of single-site
cationic Au species, as identified by systematic X-ray photoelectron spectroscopy (XPS), temperature-
programmed reduction (TPR) analyses and transmission electron microscopy (TEM) imaging. In addition,
evaluation of the Au-C interface by temperature-programmed desorption (TPD) analyses showed that the
oxidation of activated carbon by the H,0,/HCl mixture, which creates surface oxygen-containing
functional groups (SOGs), is a crucial step for the formation of active Au/AC catalysts. The structure deter-
mination and comprehensive experimental evidence allow density functional theory (DFT) to predict that
single-site cationic AuCl species stabilized by SOGs via -O- linkages are efficient active sites for
Au-catalyzed ethyne hydrochlorination. In addition, these catalysts can be reused for several times with
negligible changes in performance after treatment with the H,0,/HCl mixture. The H,0,/HCl mixture is
thus envisioned as a viable, green alternative to toxic aqua regia for the preparation of Au/AC catalysts for
ethyne hydrochlorination.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

The potential applications of supported high evenly atomically
dispersed gold in the field of catalysis have been widely discussed
since Hutchings reported that gold was highly active for ethyne
hydrochlorination [1] and Haruta’s report of CO oxidation
catalyzed by gold dispersed on metal oxides [2]. Generally, the
activity of a Au catalysts is frequently discussed in terms of metal
dispersion, the perimeter interface between gold and the support
and the oxidation states of gold. When the dispersions are high,
a greater number of active metal atoms may be expose to the sur-
face, which is accessible to substrates and available for catalysis. In
addition, the active species of the gold catalysts are not limited to
the metallic state (such as Au®), and numerous catalytic reactions
involved high-valent cationic Au species as the active sites in these
Au-based catalysts. For example, for CO oxidation [3] and water-
gas shift reactions [4], cationic Au species are more active than
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metallic Au® species. Additionally, the reaction between ethyne
and hydrogen chloride for the direct production of the industrially
valuable vinyl chloride monomer (VCM) has been extensively stud-
ied, and recently, great progress was made in this field [5,6].

Most studies on supported Au catalysts involve the use of metal
oxides as supports [7]. Compared with oxide materials, however,
carbon materials have many advantages: they have higher chemi-
cal stability, and the supported metals can easily be retrieved by
burning the carbon materials [8]. In addition, the properties of
carbon materials (e.g., the texture properties and the surface chem-
istry) can easily be adjusted for particular applications [9,10].
Au cationic species can also be stabilized by surface groups of car-
bon materials, and such stabilized species may serve as the active
sites for certain reactions [11]. However, due to the low melting
point of Au, the high surface energy of small Au particles and the
redox properties of carbon materials, such ultra-small or even
atomically dispersed gold containing active cationic species are
challenging to synthesize and stabilize on the carbon material
support using traditional catalyst preparation methods
(e.g., deposition-precipitation and impregnation) [12].
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Recently, Hutchings et al. proposed that deposition of HAuCl,
as a precursor onto a carbon support in the presence of aqua
regia as an impregnation solvent led to considerably active
hydrochlorination catalysts because of the formation of single-
site cationic Au entities (AuCly), which act as the active sites
in the final material [13,14]. The study also demonstrated that
the active species consist of a single-site Au™ and Au>" cationic
species [14]. However, metallic Au® species are inactive and
are not involving in the reaction [15]. Despite the demonstrated
high activity of the Au/C catalyst prepared using aqua regia,
there are several drawbacks to this technique that make it
incompatible with common industrial manufacturing processes.
First, aqua regia is the origin of toxic NOCI, Cl, and NO,, which
would cause serious environmental impacts and limit process
safety. Second, the Au/C catalysts made with aqua regia are
unstable during long reactions due to the dynamic nature of
the surface Au species [16]. Finally, the use of the aqua regia
for the preparation of Au/AC catalysts lead to considerable
agglomeration of the gold on the carbon support, which makes
it impossible to decreasing the metal loading [17-19]. To cir-
cumvent those issues, alternative catalyst preparation methods
that are greener and more effective are necessary.

Thus, as a continuation of Hutchings’ efforts, we describe an
environmentally benign approach using a mixture of hydrogen
peroxide and hydrochloric acid (H,0,/HCl), i.e,, a “green aqua
regia”, which provides facile entry to the production of active Au/
AC catalysts and is suitable for practical use. This H,O,/HCI mixture
was also found to efficiently produce single-site active AuCl, enti-
ties on the carbon support through a combination of the oxidizing
effect of the H,0,/HCl mixture on the metallic Au® species which
was related with the reduction property of carbon towards Au®*
and the carbon support, which facilitates high-valent and atomi-
cally dispersed cationic Au sites. These observations were sup-
ported by substantial catalyst characterization studies. Then, the
catalytic performances of the prepared Au-based catalysts were
investigated in the hydrochlorination of ethyne. In contrast to
the catalyst prepared using aqua regia (Au/ROX08(AQ)), we
demonstrated that the new preparation method using the H,0,/
HCl mixture leads to catalysts (Au/ROX08(AP)) with improved
activity and stability. Mechanistic studies revealed that the surface
oxygen-containing functional groups (SOGs) created by the H,0,/
HCl mixture are better than aqua regia at stabilizing single-site
cationic Au sites. More importantly, density functional theory
(DFT) calculations showed that isolated cationic AuCl entities
directly bonded to SOGs (e.g., carbonyl groups) on the carbon sup-
port could catalyze the reaction more effectively than AuCl on a
graphite surface. In addition, the used catalyst could be efficiently
reactivated using H,0,/HCl mixture treatment. This strategy
allows the green preparation of highly dispersed and active gold/-
carbon catalysts.

2. Experimental
2.1. Catalyst preparation

A commercially extruded activated carbon species, Norit ROX08
(surface area of 1100-1200 m?/g, pore volume of 0.63 cm?/g, den-
sity of 400 g/L, maximum diameter of 0.5 mm, and length of 1-5
mm; ROX08 is a steam-activated carbon that can be thermally
reactivated) was used as the catalyst support. First, the ROX08 car-
bon was ground to obtain a powder (80-100 mesh) and then pre-
treated with HCI (>36 wt%) to remove residual metal ions (such as
trace amounts of K* and AI**). The pretreated ROX08 carbon was
filtered, washed with deionized water until the pH of the filtrate
was 7, and then dried for use.

A series of carbon-supported Au catalysts were prepared via a
wet impregnation method. In a typical synthesis of the 1.0 wt%
Au/ROXO08(AP) catalyst, 0.6 mL of HAuCl,4 (0.05 ga,/mL) aqueous
solution was added into 5.4 mL of H,0,/HCl mixture (1:3
H,0,(30 wt%): HCl (36 wt%)) in a 20 mL flask under magnetic stir-
ring. The solution was stirred for 1 h after complete addition of the
HAuCl, solution. Then, the solution of the gold precursor was
added dropwise to 2.97 g of pretreated ROX08 carbon support.
The mixture was stirred vigorously for 4 h and then dried at
110°C under vacuum for 12 h. The synthetic procedures for
preparing Au/ROX08(AP) with different Au loadings ranging from
0.1 wt% to 0.5 wt% were similar to that for 1.0 wt% Au/ROX08
(AP), except for the concentration and amount of HAuCl, solution.
HAuCl,-4H,0 solutions in 36 wt% hydrochloric acid or 30 wt%
hydrogen peroxide solutions were also prepared to obtain Au
catalysts with 1.0 wt% loading. The samples were designated
Au/ROXO08(A) and Au/ROX08(P), respectively. For comparison, the
Au/ROX08(AQ) catalyst was also prepared using aqua regia (1:3
HNO; (>65 wt%): HCl (>36 wt%)) as solvent in an identical proce-
dure. This catalyst was used as a reference.

The catalysts prepared using deionized water as the solvent on
the untreated ROX08 carbon or ROX08 carbon pretreated by the
H,0,/HCIl mixture or aqua regia were labeled Au/ROX08-H,0, Au/
ROXO08(AP)-H,0 and Au/ROX08(AQ)-H,0, respectively.

2.2. The regeneration of used Au/ROX08(AP) catalyst

Regeneration treatments of the used catalysts were carried out
in a sealed glass vial. In a typical treatment, 2 mL of the H,0,/HCI
mixture (1:3 H,0,: HCl) was prepared in a sealed sample vial. After
that, 1g of the used Au/ROX08(AP) catalyst was added to the
mixed solution. The samples were vigorously stirred at 70 °C under
ambient pressure for 4 h. After treatment, the samples were dried
at 110°C for 12 h to give the regenerated catalyst, which was
labeled Au/ROX08(AP)-R.

2.3. Catalyst characterization and computational procedures

X-ray diffraction (XRD) measurements were carried out on a
PANalytical-X'Pert PRO generator with Cu Ko radiation (A=
0.1541 nm) operating at 60 kV and 55 mA. Diffraction patterns
were recorded at a scanning rate of 2° min~' and at a step angle
of 0.02°. Transmission electron microscopy (TEM) images were
acquired on a Cs-corrected FEI Titan G2 60-300 Microscope oper-
ating at 300 kV using an HAADF detector. The solid samples were
finely ground and dispersed ultrasonically in ethanol and then
transferred to a carbon/Cu grid. Images that clearly reveal single
Au atoms were typically recorded at 10 M x direct magnification.
Because the nanoparticles and sub-nm species have almost equal
chances to be imaged on the support surfaces, the various gold spe-
cies (>200 total counts) near the edges of the samples in different
regions were counted and analyzed. X-ray photoelectron spec-
troscopy (XPS) was performed with a Kratos AXIS Ultra DLD spec-
trometer to determine the elemental surface composition of the
catalysts. The monochromatized aluminum X-ray source was
1486.6 eV, and the passed energy with an electron analyzer was
40 eV. The pressure in the analysis chamber was lower than
5 x 1071° Torr during data acquisition. The samples were out-
gassed under vacuum for 4 h before loading. Binding energies were
referred to the Cls line at 284.8 eV. Temperature-programmed
reduction (TPR) was performed in a micro-flow reactor fed with
hydrogen (10% in Ar) at a flow rate of 45 mL min~!. The tempera-
ture was increased from 30 °C to 850 °C at a rate of 10 °C min~ .
A thermal conductivity detector (TCD) was used to measure the
hydrogen consumption. The integrated TPR signal using CuO as a
standard was used to calibrate the TCD. The AuCl, amount is
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calculated as a ratio of the AuCly to the total Au amount and the
absolute amount in mmol. Surface chemical groups were charac-
terized and quantified by temperature-programmed desorption
(TPD). The TPD spectra of CO and CO, were obtained with an auto-
mated QMS 200 Omnistar system (Pfeiffer Instruments). The sam-
ples (100 mg) were set in a quartz tube with a 5°C min~" linear
temperature increase from room temperature to 900 °C, and they
were held at 900 °C for 2 h under flowing helium (30 mL min!).
The CO and CO, signals were monitored by a quadrupole mass
spectrometer. The released CO and CO, gasses were calibrated at
the end of each measurement. A multiple Gaussian function was
applied for spectrum fitting. The numerical calculations were
based on a nonlinear routine using the Levenberg-Marquardt
method to perform the iterations and make some assumptions,
which minimized the sum of the squared deviations. Inductively
coupled plasma-mass spectrometry (ICP-MS, PerkinElmer Elan
DRC-e) analysis was performed on sample that had been dried
using an accurate weighing and digestion process at 160 °C for
12 h.

The first principle calculations in the framework of DFT, includ-
ing structural and electronic performances, were carried out based
on the Cambridge Sequential Total Energy Package known as
CASTEP [20,21]. The exchange-correlation functional under the
generalized gradient approximation (GGA) [22] with norm-
conserving pseudopotentials and the Perdew-Burke-Ernzerhof
(PBE) functional was adopted to describe the electron-electron
interactions [23]. A Kkinetic energy cutoff of 750eV and a
Monkhorst-Pack special k-point mesh of 1 x 1 x 10 were proposed
for the geometry optimization and electronic structure calcula-
tions. During the geometry optimization, all atoms were allowed
to relax without any constraints until the convergence thresholds
of maximum displacement, maximum force and energy were smal-
ler than 0.001 A, 0.03 eV/A and 1.0 x 107> eV/atom, respectively.
The adsorption energy (AE.ps) of group A on the surface of the sub-
strate was defined as:

AEgps = E A — (Ex +Ep) (1)

where *A and * denote the adsorption of group A on the substrate
and the bare substrates, and E5 denotes the energy of group A.

2.4. Catalytic test

The catalysts were tested for the hydrochlorination of ethyne in
a fixed-bed glass microreactor (i.d. 10 mm). Ethyne (C;H,, 10 mL
min~!, 1bar) and hydrogen chloride (HCl, 12 mL min~!, 1 bar)
were fed though a mixing vessel to a heated glass reactor contain-
ing the catalyst (0.2 g). The total C,H, GHSV is 1480 h™!. The effects
of external diffusion were eliminated by application of a flow rate
in the range of 10-50 g h mol~! and catalyst loadings between 0.15
and 0.25 g. The reaction rate was not limited by internal mass
transport when the grain sizes ranged from 20 to 120 mesh, so
the reaction in this study was not affected by internal or external
diffusion (Fig. S1). None of the desired product was generated in
blank tests at 180 °C using an empty reactor filled with quartz
wool. The quartz sand was used to extend the bed length, above
and below the catalyst itself, separated by quartz wool. The gas-
phase products (ethyne and vinyl chloride) were analyzed on-
line by a gas chromatograph equipped with a flame ionization
detector (FID) after NaOH absorption to remove residual hydrogen
chloride gas. Chromatographic separation and identification of the
products was carried out using a Porapak N packed column (6 ft x
1/800 stainless steel). The peak areas were normalized to investi-
gate the gas-phase products of ethyne hydrochlorination. Given
that hydrogen chloride is absorbed by the absorption liquid after
the reaction, the volume of the reaction system can be considered
constant for the calculations. The amount of 1,2-dichloroethane

and chlorinated oligomeric by-products was determined by intro-
ducing the reactor outflow into an N-methylpyrrolidone solution
and analyzing the obtained N-methylpyrrolidone solution using a
Waters GCT Premier chromatograph equipped with an HP-5 capil-
lary column. Product mass fractions were obtained using an inter-
nal standard. The conversion of ethyne and the selectivity for VCM
were calculated by Egs. (2) and (3) as follows:

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcat.2018.06.030.

Acetylene conversion (%) = <1 - FF_A> x 100% 2)
A0
VCM Selectivity (%) = Fraw 1009 (3)

1-Fa

where Fag, Fa, and Fycy represent the volume fraction of ethyne in
the raw gas, the volume fraction of remaining ethyne, and the
volume fraction of vinyl chloride in the product mixture gas, respec-
tively. The carbon balance based on these products was above 98%.

3. Results and discussion
3.1. Au dispersion and chemical state analyses

The morphology and the dispersion of Au particles of Au-based
catalysts were investigated, and Fig. 1 shows the STEM images of
the Au/ROX08(AP) and Au/ROXO08(AQ) catalysts. The fresh
Au/ROX08(AQ) catalysts contain large particles ranging from 5 to
12 nm in diameter (Fig. 1a and Fig. S2), which indicates a heteroge-
neous size distribution among the Au particles that can be easily
sintered. This result is consistent with a previous report that
showed it is difficult to achieve a high dispersion of Au on carbon
materials using traditional wet impregnation methods [13]. In con-
trast, small particles (diameter <2 nm) are the dominant species in
Au/ROXO08(AP) (Fig. 1c and Fig. S3); although, some particles (10%)
larger than 5 nm in diameter were found on the carbon supports.
More importantly, there is a large amount of atomically dispersed
gold species presenting on the supports based on the highly mag-
nified image (Fig. 1d). For example, 53% of the gold species counted
in the images are presented as isolated atoms on the surface of the
Au/ROX08(AP) sample, demonstrating the obvious improvement in
the Au dispersion achieved with the developed preparation pro-
cess. In contrast, the Au/ROX08(AQ) sample consists of large parti-
cles and a small number of sub-nm gold clusters, but in some areas,
individual atoms are observed (Fig. 1b). In fact, in situ extended
X-ray absorption fine structure (EXAFS) and x-ray-absorption
near-edge structure (XANES) analysis performed by Hutchings
et al. demonstrated that the active sites for ethyne hydrochlorina-
tion are the isolated Au cationic species [12]. The atomically
dispersed Au species seem to have a significant impact on the cat-
alytic activity in the hydrochlorination reaction. The Au/ROX08
(AP) catalyst, which has a high content of single-site Au species
presenting on the carbon support, may be highly active for the
hydrochlorination of ethyne. However, isolated Au cationic species
are probably not the only condition required for achieving high
activity; the carbon surface oxygen groups are also necessary for
the active site because graphitic carbon without the SOGs is cat-
alytically inactive [24,25]. These observations are supported by
substantial catalyst characterization and theoretical calculations,
which we will discuss in detail in the following section.

Elucidating the local and electronic structure of the catalytically
active Au-containing species is critical for establishing a
structure-activity relationship of the Au/AC catalysts. Detailed
characterizations of the Au/ROX08(AQ) and Au/ROX08(AP) sam-
ples included XPS analysis. Because more than one Au species
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Fig. 1. Aberration-corrected HAADF-STEM images of the (a, b) Au/ROX08(AQ) and (c, d) Au/ROX08(AP) catalysts. The size distribution (inset) is based on over 200 observed
Au species counted from the high-magnification images.

was detected, a deconvolution procedure was employed to estab-
lish the relative proportions of each species [26,27] (Fig. 2). The
XPS peak position and the areas obtained from the fitting of both
Au-based catalysts are listed in Table 1. Due to the high reducibility
of the activated carbon towards the cationic Au species, there is a
quantity of Au® with an Audfy), signal at 84.2 eV in both fresh
Au-based catalysts. Indeed, in reactions using nanostructured
gold/carbon catalysts, the Au nanoparticles that form during
catalyst preparation are spectator species in that most of the Au®
species do not participate in the reaction [15]. In addition, some
cationic Au* and Au®* species with Au4f;, signals located at
85.1-85.5 eV and 86.7 eV, respectively, are also detected. The rela-
tive high content (47.3%) of cationic AuCly species presenting in the
Au/ROXO08(AP) catalyst indicates that the H,0,/HCl mixture as the
impregnating solvent could also efficiently generate and stabilize
the cationic Au sites. Recent work by Hutchings group has shown
that the AuCl species are the main active sites for ethyne
hydrochlorination because the reaction proceeds through the
oxidative addition of HCl to AuCl followed by the addition of acet-
ylene and reductive elimination of VCM [14]. The Au®* sites are
easily decomposed to more active Au” sites when the temperature L L L
is increased to only 160 °C [13]. 94 92 90 88 86 84 82 80

The evolution of the oxidation state of Au was further investi-
gated by H,-TPR analysis. Fig. 3 shows the H,-TPR profiles of the
bare activated carbon as well as the Au/ROXO08(AP) and Au/ Fig. 2. XPS spectra and corresponding deconvolutions for the samples: (a) Au/
ROXO08(AQ) catalysts. Two hydrogen consumption peaks can be ROX08(AP) and (b) Au/ROX08(AQ) catalysts.

Intensity (a.u.)

Binding Energy (eV)
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Table 1 seen in the TPR profiles of the Au/ROX08(AP) and Au/ROX08(AQ)
The relative contents of the Au species and binding energy of the Au-based catalysts. samples. One is at a low temperature (280-360 °C) and the other
Catalysts Au species (%) Binding energy (eV) is at a higher temperature (450-800 °C). The higher temperature
A AL Au A AL AU peak can be assigned to the reduction of the SOGs on the carbon

surface along with the concomitant release of CO and CO,
[28,29]. Regarding the XPS analysis data, the low temperature
hydrogen consumption peak could be attributed to the reduction
of cationic Au species [30,31]. Furthermore, a temperature increase
in the reduction band of cationic Au species to 359 °C is found for
Au/ROXO08(AP) (Fig. 3c). The higher reduction temperature
(upward shift of 44 °C) of the Au/ROX08(AP) catalyst compared
to Au/ROX08(AQ) (Fig. 3b) shows that the H,0,/HCl mixture as
an impregnation solvent inhibits the reduction of cationic Au spe-
cies. The stronger interactions between the cationic Au species and
the SOGs make them more difficult to reduce.

Au/ROX08(AP) 37.8 527 95 86.8 842 855
Au/ROX08(AQ) 273 523 204 86.7 842 85.1

3.2. Study of support chemistry and the Au-C interface

Intensity (a.u.)

The chemistry of the supports plays an important role in deter-
mining the metal particle size and dispersion since the nucleation
and growth processes during catalyst preparation are controlled by
the nature of the support [32,33]. To elucidate the effect of the
a SOGs on the gold deposition and nucleation induced by using dif-
ferent impregnation solvents, TPD analysis was used since it is
suitable for characterizing the nature of the SOGs based on the type
5 and amount of gasses released (CO, CO, and H,0) at different
Temperature (°C) decomposition temperatures [34,35], as seen in Fig. 4a.

T T T T
0 200 400 600 800

Fig. 3. TPR profiles of the (a) ROX08, (b) Au/ROX08(AQ) and (c) Au/ROX08(AP)

catalysts.
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Fig. 4. (a) SOGs and specific sites generally present on the carbon surface. The arrows show the decomposition product(s) based on the TPD deconvolution spectra. Spectra of
(b) CO; and (c) CO evolved in the TPD-MS of the ROX08(AQ), ROX08(AP), Au/ROX08(AQ)-H,0 and Au/ROX08(AP)-H,0 samples.
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Fig. 4b and 4c show the CO, and CO TPD-MS spectra of aqua
regia- and H,0,/HCl mixture-treated AC samples, respectively.
The pristine activated carbon has a very low SOG content, as
revealed by the small amounts of CO and CO, evolved (Fig. S4).
Oxidation by aqua regia or the H,O,/HCl mixture incorporates a
high content of SOGs onto the activated carbon, as shown by the
large increase in the amounts of CO and CO, released (Tables 2
and 3). In particular, the CO, spectrum (Fig. 4b) shows that
ROX08(AQ) has high contents of carboxyl groups and carboxylic
anhydrides while lactones are present in lower amounts. In con-
trast, as shown in Table 2, the total amount of CO, released from
ROXO08(AP) is 152.1 umol/g, which is 226.7 pmol/g less than that
released from ROX08(AQ), suggesting that the ROXO8(AP) has
lower contents of carboxyl groups, carboxylic anhydrides and lac-
tones than ROX08(AQ). On the other hand, as shown in Fig. 4c and
Table 3, a large amount of phenol and carbonyl groups (639.2
nmol/g) are successfully incorporated by using the H,0,/HCl mix-
ture, and the resulting content is much higher than that seen in
ROXO08(AQ) (177.0 umol/g). Previously, Bulushev et al. [36]
reported that phenolic groups interact with the Au®* precursor
by anchoring the cationic Au species. Interactions between the
Au>* precursor and the carboxylic groups leads to surface decar-
boxylation and reduction of Au* to Au®. Actually, the cationic gold
species are expected to be completely reduced to metallic gold
clusters. While, the cationic Au species can be formed and stabi-
lized either on the carbonaceous materials nor the metal oxide sur-
face with the specific type of hydroxyl groups [37]. Indeed, such
synergism between the Au and the support seems to be an essen-
tial factor in Au catalysis, which mainly attributes to the genera-
tion and stabilization of cationic Au species on the support. Thus,
to further study of the Au-C interface and the influence of SOGs
on Au deposition, TPD-MS analysis was also performed on Au/
ROX08(AQ)-H,0 and Au/ROX08(AP)-H,0 catalysts that were pre-
pared by impregnation in deionized water. The data obtained for
the Au/ROXO08(AP)-H,0 and Au/ROX08(AQ)-H,0 catalysts are pre-
sented in Fig. 4 and Tables 2 and 3. For CO, evolution (Fig. 4b), Au
deposition on the ROX08(AQ) surface leads to the reduction of a
large amount of the carboxyl groups, carboxylic anhydrides and
lactones. However, for Au/ROX08(AP)-H,O, we found that the
CO, evolution profile is less affected by Au deposition. As far as
the CO evolution profile, an obvious decrease in the intensity of
the peak attributable to the phenol and carbonyl groups was

noticed for Au/ROXO08(AP)-H,O upon gold deposition. For Au/
ROXO08(AQ)-H;0, only a slightly decrease in the phenol and car-
bonyl groups was observed. Indeed, the amounts of CO evolved
before and after gold deposition were 639.2 pmol/g (CO, ROX08
(AP)), 149.1 umol/g (CO, Au/ROX08(AP)-H,0), 799.8 umol/g (CO,
ROX08(AQ)), and 643.1 umol/g (CO, Au/ROX08(AQ)-H,0). The
metal deposition may contribute to the significant decrease in
the surface oxygen released upon decomposition or surface
reconstruction. In addition, the functionalized surface sites on
the activated carbon may anchor some single atoms before they
aggregate into larger particles [38]. Considering the TPD-MS and
STEM analyses performed on the Au/ROX08(AP)-H,O catalyst in
this study, it is more likely that the active sites are isolated cationic
Au species directly bonded to phenol and carbonyl groups created
by the H,0,/HCI mixture. In contrast, gold may be grafted by all the
SOGs, particularly by the carboxyl groups, carboxylic anhydrides
and lactones groups, for Au/ROX08(AQ)-H,O catalyst. As
mentioned above, lower concentrations of ethers, carboxyl groups,
carboxylic anhydrides and lactones with higher concentrations of
phenol and carbonyl groups on ROX08(AP) than on ROX08(AQ)
may make it a more appropriate carbon support for the anchoring
and stabilization of atomically dispersed cationic Au sites. These
data show that support chemistry plays an important role in deter-
mining catalyst particle size and dispersion since the nucleation
and growth processes during catalyst preparation are resolved by
the nature of the support.

3.3. Catalytic study of ethyne hydrochlorination

Au>" species can efficient activate carbon-carbon triple bonds,
making them suitable homogeneous catalysts for many organic
synthesis reactions [39]. The catalytic performance of Au-based
catalysts for ethyne hydrochlorination is shown in Fig. 5. As seen
for the solo Au-based catalysts prepared using either H,O, or
HCl, the maximum conversions of ethyne are only 52.1% and
79.6%, respectively. In contrast, the gold/carbon catalyst prepared
using the H,0,/HCl mixture showed higher activity with an ethyne
conversion of 89.3%. Compared to the most effective Au/ROX08
(AQ) reference catalyst prepared using aqua regia (CyH;
conversion = 85.6%), the Au/ROX08(AP) show even higher activity.
Notably, the higher activity of the Au/ROX08(AP) catalyst is likely
due to the abundance of atomically dispersed cationic Au sites.

Table 2

Amount and decomposition temperatures of different SOGs and the total amount of SOGs (obtained from the deconvolution of the CO,-TPD curves).
Sample Peak 1¢ Peak 2 Peak 3 Peak 4 Total

Carboxyl Carboxylic anhydride Peroxide Lactone

ROX08(AQ) 141.0 147.8 & 90.0 378.8
ROXO08(AP) 62.1 8.9 / 81.1 152.1
Au/ROX08(AQ)-H,0 419 111.8 / 47.7 201.4
Au/ROX08(AP)-H,0 421 7.3 / 447 94.1

¢ The amount of SOGs in pmol/g.

b There is no such surface oxygenated group present on the activated carbon according to the results of deconvolution.

Table 3

Amount and decomposition temperatures of different SOGs and the total amount of SOGs (obtained from the deconvolution of the CO-TPD curves).
Sample Peak 1¢ Peak 2 Peak 3 Peak 4 Peak 5 Total

Adsorptive CO Carboxylic anhydride phenol ether carbonyl

ROX08(AQ) /P / 7.3 622.8 169.7 799.8
ROXO08(AP) / | 109.6 / 5296 639.2
Au/ROX08(AQ)-H,0 / / 47 520.3 118.1 643.1
Au/ROX08(AP)-H,0 / / 96.2 / 52.9 149.1

¢ The amount of SOGs in pmol/g.

b There is no such surface oxygenated group present on the activated carbon according to the results of deconvolution.
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In addition, the C,H, conversion by Au/ROX08(AP) remained at a
high and steady level (>83.3%), as shown in Fig. 5a. We only
observed a slight decrease in conversion (6.0%) at 1480 h™! after
12 h. In contrast, the Au/ROX08(AQ) reference catalyst and the
Au/ROXO08(A) and Au/ROX08(P) catalysts show rapid deactivation
over the first few hours and then a slower decay over the remain-
der of the reaction. These results suggest that the Au/ROX08(AP)
catalyst has better activity and stability than the traditional
Au-based catalyst made with aqua regia. Considering the catalytic
performance, process safety requirements and environmental
impact, the H,O,/HCl mixture is an optimal impregnation solvent
for the preparation of gold/carbon catalysts. Control tests with dif-
ferent impregnation solvent-treated carbon materials (ROX08(AP),
ROX08(AQ), ROX08(A), ROX08(P) and ROX08) showed lower
ethyne conversions (below 8%) (Fig. S5). Remarkably, the selectiv-
ity for VCM is above 99.9% with only trace amounts (<0.1%) of 1,
2-dichlorethane and chlorinated oligomers observed in the current
study (Fig. 5b).

To further evaluate the H,0,/HCl mixture preparation protocol
for low-content Au/C catalysts, a series of fresh Au/C species with
different Au contents (0.1, 0.3, 0.5 wt%) were prepared using the
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Fig. 5. Conversion of ethyne into VCM in acetylene hydrochlorination over Au/
ROXO08(AP), Au/ROX08(AQ), Au/ROX08(A) and Au/ROX08(P) catalysts. Reactions
were carried out at 180 °C, atmospheric pressure, a space velocity GHSV(C,H,) of
1480 h™', and HCl/C,H, = 1.2/1.

same protocol as that used for Au/ROX08(AP), and their catalytic
activities were tested. As seen in Fig. 6, the conversion of C,H,
decreased with decreasing Au content, but the 0.1 wt% Au/ROX08
(AP) catalyst still exhibits a high and stable catalytic performance.
Based on the flow conditions and the amount of catalyst employed,
the 0.1 wt% Au/ROX08(AP) catalyst has a space-time yield (STY) of
946 kg VCM/(kg Au h), which is slightly higher than that of the
commercial NazAu(S;03),/C catalysts (ranged from 150 to 850 kg
VCM/(kg Au h)) [18]. This superior activity allows the Au loading
to be decreased to an extremely low level while maintaining satis-
factory productivity using the H,0,/HCl mixture preparation
methods.

We also investigated the interactions of the gold with the SOGs
created by the acid treatment and the magnitude of their impact
on the catalyst activity, since they may be possible anchoring sites
for Au on the carbon surface and the support may play a crucial
role in ethyne hydrochlorination. The results indicate that high
activities with approximately 72% conversion can still be achieved
with the Au/ROXO08(AP)-H,O catalyst prepared in the deionized
water using the H,0,/HCl mixture-pretreated ROX08 carbon
(Fig. 7), and this activity is only slightly lower than that of the
Au/ROXO08(AP) catalysts. In contrast, the Au/ROX08(AQ)-H,0 cata-
lyst has a significantly lower activity than that of the catalyst pre-
pared in aqua regia and the Au/ROX08(AP)-H,O0 catalysts. Note that
the catalysts prepared with deionized water on the untreated
ROX08 carbon without SOGs are completely inactive. The testing
results show that to generate an active catalyst, the atomic gold
must be linked to surface oxygen ligands, and the SOGs being
merely present on the carbon support is not sufficient. This exper-
imental result is important because it sheds light on the role of the
oxygen in the form of SOGs on the final catalyst activity and
stability of the catalyst. It seems that the effect of the impregnation
solvent on the carbon support rather than gold itself is the more
significant factor in determining the activity and stability of the
catalyst. In light of the TPD-MS and XPS analysis performed in this
study, we thus propose cationic gold (AuCl) species stabilized by
specific types of SOGs via -O- linkages are the active sites for the
ethyne hydrochlorination. It is clear that the H,0,/HCl mixture
can create more favorable carbon surface chemistry than aqua
regia-based preparation methods for the Au/AC catalysts.
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3.4. Reaction mechanisms of ethyne hydrochlorination catalyzed by
SOGs stabilized single-site Au sites

To determine if the active Au sites in the ethyne hydrochlorina-
tion catalysts are atomic cationic species anchored through -O-
ligands, we used DFT calculations. Here, we focus on carbonyl
groups because the H,0,/HCl mixture generates a significant
amount of carbonyl groups on the carbon materials, and other
SOGs such as carboxyl groups, carboxylic anhydrides and lactones
are less affected by Au deposition. In addition, the highly dispersed

J. Zhao et al./Journal of Catalysis 365 (2018) 153-162

Au(l) species are crucial for this reaction and species in a similar
oxidation state are responsible for the activity of these catalyst sys-
tems. Thus, here we focus on Au(I) by investigating AuCl on a gra-
phite surface cut along the (119) index plane, and the AuCl is
absorbed on the oxygen atom of a carbonyl and a carbon atom of
a benzene ring, respectively. Fig. S6 shows that adsorption energy
of AuCl onto the oxygen atom of carbonyl (—318.1 kJ/mol) is much
lower than that of AuCl on a graphite surface cut along the (119)
index plane (—285.2 kJ/mol). The adsorption energy differences for
various adsorption configurations show that AuCl tends to favor
the oxygen atoms on carbonyl interacting through a Au-O bond.
Hence, we only explored reaction mechanisms of AuCl with single
SOGs such as carbonyl, as displayed in Fig. 8.

The most stable configuration of the interaction of HCl with a
carbonyl group-stabilized AuCl has a binding energy of —30.4 K]
mol~!, which is comparable to that for AuCl,H (—17.9 k] mol~!)
(Fig. 8a). Hirshfeld charge analysis showes that the positive charge
(+0.31 e) of AuCl,H is similar to that for Au®* (0.41e) (Fig. 8b). The
VCM can be generated by AuCl,(C;H3), which is more stable than
AuCl,H(C,H,) with binding energies of —288.1 k] mol~! versus
—25.5 k] mol~! (Fig. 8a). VCM is further stabilized with a binding
energy of —294.6 k] mol~!, but this can be disrupted by the pres-
ence of HCl. Compared with AuCl on a graphite surface [14], based
on the adsorption strength, HCl interacts weakly with carbonyl
group-stabilized AuCl (—17.9 k] mol~! v.s. =73 k] mol~!); however,
the latter active species interacts more strongly with C,H, reac-
tants (—288.1 k]l mol~! v.s. —224 k] mol~!), which facilitates the
adsorption of C;H;, and hence the reaction.

3.5. Catalyst regeneration and catalytic cycle

Although Au catalysts are highly active initially, they undergo
fast deactivation [18]. Therefore, identifying methods to stabilize
or reactivate the catalysts is of great importance. Goguet et al.
[40] demonstrated that large particles of gold/carbon can be
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Fig. 8. Evaluation of catalytic activity by DFT calculations. (a) The bar chart shows binding energies for each energy minima and (b) the Hirshfeld charge on each Au atom. The
given energies are referenced to the geometry-optimized configuration of AuCl stabilized by carbonyl groups on the carbon support and gas phase C;H, and HCI. Gray balls
represent carbon atoms, red balls represent oxygen atoms, yellow balls represent gold atoms, light green balls represent chlorine atoms and white balls represent hydrogen

atoms.



J. Zhao et al./Journal of Catalysis 365 (2018) 153-162 161

redispersed in the presence of methyl iodide during the carbonyla-
tion of methanol to methyl acetate under harsh conditions (240 °C
and 16 bar). In previous studies on catalyst reactivation for the
hydrochlorination of acetylene, the activity of a 1% Au/C catalyst
that deactivated during the reaction can be revived to an extent
by off-line treatment with aqua regia [41]. Thus, further investiga-
tions are needed to prove the effectiveness of treatment with an
H,0,/HCI mixture for regenerating the catalytic activity of deacti-
vated catalysts.

Fig. 9a shows the ex situ X-ray powder diffraction patterns
obtained during treatment with the H,0,/HCl mixture at 70 °C for
60 min. The results obtained show that the diffraction peaks associ-
ated with metallic Au® species disappear, and only carbon diffrac-
tion peaks are found for the Au/ROX08(AP)-R sample, which is
consistent with the fact that the Au particles disperse into smaller
species. HAADF-STEM analysis demonstrated that the used Au/
ROXO08(AP) sample contained large Au particles with relatively
large sizes of 8-10 nm, suggesting some of the Au particles/clusters
aggregated (Fig. 9b). After the treatment, the gold is essentially dis-
tributed as isolated Au atoms (46% of the gold counted in the
images was present as isolated atoms) although a small number
of Au dimers and subnanometer Au clusters are also present
(Fig. 9c-d). Moreover, the XPS characterization of the used
Au/ROXO08(AP) and Au/ROX08(AP)-R catalysts show that the high
number of Au® species were oxidized to cationic Au species when
the used Au/ROX08(AP) was treated with the H,O,/HCl mixture
(the AuCly content increased from 30.4% to 67.1%). A small number
of particles containing both Au and Cl were observed by elemental
mapping analysis, which showed that the Au and CI signals are
uniformly displayed (Fig. S7). In addition, ICP analysis show that

Au'(1n)

\d

Au'(220)

Intensity (a.u.)

|
used Au/ROX08(AP)
1

Au/ROX08(AP)-R

1 |
30 40 50 60 70
2 Theta (degree)

the contents of Au (0.95 wt%) in the regenerated catalysts are nearly
equal to the nominal total metal loading of 1 wt% impregnated onto
the support initially. These results confirm that once the Au is
deposited on the carbon surface, subsequent treatments with the
H,0,/HCl mixture were not capable of dissolving the gold from
the carbon support; instead, the treatments simply reoxidize the
gold. In terms of oxidation chemistry, H,0, has a very high oxidiz-
ing potential (Table 4). The potential of H,0, (1.78 V) is significantly
higher than those of Au®* (1.52 V) and Au* (1.69 V), which enables
the oxidization of Au® to AuCl,. Here, we present direct evidence for
the latter from the XPS and UV-vis analyses, which indicate that the
H,0,/HCl mixture can dissolve Au® into AuClz (Fig. S8). In addition,
it is possible that the Cl atoms may spontaneously adsorb onto the
surface of the Au particles because of the high potential energy of
the small particles or even coordination with the Au® particles
[42]. The potential of gold may decrease, and the Au particles
may be oxidized more easily by reacting with H,0, to form Au-Cl
species, which was revealed by the XPS and EDS elemental mapping
analyses.

To determine if the used catalyst had regained its catalytic
activity after treatment with the H,O,/HCl mixture, the regener-
ated Au/ROXO08(AP) catalysts were evaluated. To deactivate the
catalysts, the reaction was performed at an extremely high reac-
tion temperature (210 °C) and a high C,H, GHSV (3000 h™1). Con-
stant deactivation of the fresh Au/ROX08(AP) catalysts occurred
throughout the reaction (Fig. 10). However, the catalytic activity
of the deactivated Au/ROX08(AP) catalyst could almost be regener-
ate after treatment with the H,0,/HCl mixture, and the ethyne
conversion is only slightly lower than that achieved with the fresh
catalyst. In addition, the Au/ROX08(AP) catalyst after treatment
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Fig. 9. Structural characterizations of used Au/ROX08(AP) and regenerated Au/ROX08(AP)-R catalyst. (a) Ex situ X-ray powder diffraction patterns. (b) Representative STEM-
HAADF image of the used Au/ROX08(AP) catalyst. (b and c) STEM-HAADF image of the regenerated Au/ROX08(AP)-R catalyst. Au 4f XPS spectra of (e) the used Au/ROX08(AP)

catalyst and the regenerated Au/ROX08(AP)-R catalyst.
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Table 4
Related half-reactions and the corresponding electric
potentials.

Half-reaction Electric potential (V)

AU +3e” = Au 1.52
AuCly +3e =Au+4Cl- 0.93
Au*+e” =Au 1.69
AuCl; +e  =Au+2Cl~ 1.15

H,0,+2H'+2e~ =2H,0  1.78
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Fig. 10. Durability and activity for ethyne hydrochlorination of the fresh Au/ROX08
(AP) catalyst and the used Au/ROX08(AP) catalyst regenerated with the H,O,/HCI
mixture treatment for 3 cycles. Reactions were carried out at 210 °C, atmospheric
pressure, a space velocity GHSV(C,H,) of 3000 h~!, and HCl/C,H, = 1.2/1.

with the H,0,/HCl mixture can be recycled through several deacti-
vation/regeneration cycles with a negligible decrease in catalytic
performance.

4. Conclusion

In summary, we presented a simple and green methodology for
the preparation of Au/AC catalysts using a H,0,/HCl mixture. The
catalytic results showed that the Au/ROX08(AP) catalyst presented
a higher conversion than the Au/ROX08(AQ) catalyst, which was
prepared using an impregnation method with traditional aqua
regia as the solvent, in the hydrochlorination of ethyne. After care-
ful characterization of the Au/ROX08(AP) and Au/ROX08(AQ) cata-
lysts by a combination of XPS, H,-TPR and TPD analyses with direct
STEM imaging, we found that the improved catalytic performance
could be attributed to the enhanced dispersion of Au and the sta-
bilization of atomically dispersed AuCly active species by specific
types of SOGs (such as carbonyl groups) created by the H,0,/HCl
mixture via -O- linkages. The presence of the surface oxygen
ligands is important for the formation of active Au sites. The con-
clusions drawn about the effects of SOGs on the composition and
structure of the single-site cationic AuCl species catalyst were also
supported by DFT calculations. However, the role of different
defect sites on the carbon surface could not be completely ruled
out and would require further systematic investigation. In
addition, the Au/AC catalysts can maintain their activity through
several deactivation/regeneration cycles with negligible changes
in catalytic performance by treatment with the H,0,/HCl mixture
since the mixture can reoxidize bulk Au® species to expose their
active cationic Au sites. As well as being interesting by itself, the
synthesis methodology described herein also provides a blueprint

for the green synthesis of various other carbon-supported high-
valent metal catalysts.
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