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Materials and Methods
Catalyst Preparation

A series of carbon-supported gold catalysts were prepared via a wet
impregnation method. Activated carbon (Norit ROX 0.8) was initially ground to obtain a
powder (100 - 140 mesh). The gold precursor HAuCls-xH20 (Alfa Aesar, 99.9% (metals
basis), Au 49%, 40 mg) was dissolved in 5.4 mL of solvent: namely either (i) aqua regia (3
parts by volume [HCI (Fisher, 32 wt.%)]: 1 part by volume [HNOs (Fisher, 70 wt. %)]); or
(if) HNO3 only (Fisher, 70 wt.%); or (iii) deionised water. The solutions of gold precursor
were added drop-wise with stirring to the activated carbon (1.98 g). All the catalysts
prepared had a nominal total metal loading of 1 wt.%. Stirring was continued at ambient
temperature until NOx production subsided after ~1 h. The product was then dried for 16 h
at 140 °C under nitrogen flow. The catalysts prepared using aqua regia, HNOs or
deionised water as solvents were labelled as Au/C-AR, Au/C-HNOsz and Au/C-H20
respectively. It is important to note that this catalyst preparation method differs from those
previously published (11), in that powdered carbon is used instead of extrudates.
Consequently, the concentration of gold species will be significantly lower on the carbon
surface when using powdered support. For comparative purposes, a 1 wt.% Au-
thiosulfate/C catalyst (denoted Au/C-S,0s3) was also prepared and tested. An aqueous
HAUCI4 solution was mixed with an aqueous solution of Na>S>03. The mixture obtained
was added in aliquots to the activated carbon with mixing for a certain amount of time. The
product was then dried at 110 °C overnight.

Catalyst Testing

In situ XAFS measurements obtained under reaction conditions were performed in
transmission mode using a fixed-bed polyimide (Kapton) microreactor (O.D. 6 mm, length
20 cm). Kapton possesses a unique combination of desirable physical properties, such as
high chemical resistance, that are retained over a wide temperature range, and it does not
give rise to significant X-ray attenuation.

The temperature was controlled with a Eurotherm controller with a type K thermocouple
positioned in the centre of the heater block. The heater block, shown schematically below,
was modified to allow the incident X-rays from the synchrotron to pass through the catalyst

bed (Figure SE1).
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Figure SE1. Schematic diagram of the heater block used for the in-situ XAFS
synchrotron experiment.For safety reasons, dilute gas mixtures were used. CoHo/Ar (4.91%
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balanced in Ar, BOC) and HCI/Ar (5.00% balanced in Ar, BOC) gases were dried, using
moisture traps, prior to introduction to the reactor. In all cases, the reactor was purged with
Ar (99.99 % BIP, Air Products) prior to admitting the hydrochlorination reaction mixture.
The reactor was heated to 200 °C at a ramp rate of 5 °C/min and held at temperature for 30
min, all under a flow of Ar. The reaction gas mixture of CoH2/Ar (24 mL min), HCI/Ar
(24 mL min) and additional Ar (2 mL min!) was introduced into the heated reactor
chamber containing catalyst (90 mg) at a total gas hourly space velocity (GHSV) of
~14,000 ht, keeping the C2H: : HCI ratio at a constant value of 1 : 1.02. This residence
time was chosen to test catalysts under mild conditions aiming for low conversion values
in order to deliberately extend the catalyst induction period. Slightly different conditions
were used for testing the Au/C-S,03 material due to the different particle mesh size (>150
pum) of this catalyst, in order to avoid back pressure in the system. In this case, CoH2 (17.5
mL mint) and HCI (17.5 mL min') were mixed via calibrated mass flow controllers into
the heated reactor containing the catalyst (90 mg), to give a total flow rate of 35 mL min*
and a GHSV of ~11,000 h™,

The reaction mixture before and during the reaction was analysed on-line by mass
spectrometry (Hiden QGA) equipped with a quartz inert capillary, that enabled both
qualitative and quantitative analyses by scanning fixed mass fragments according to
selected mass-to-charge ratios (m/z).

After mass spectroscopy analysis, the gaswas passed through

a bubbler containing aqueous sodium hydroxide solution in order to neutralise the
unreacted hydrogen chloride (Figure SE2).
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Figure SE2. Schematic diagram of the reaction set-up used for the in-situ XAFS
synchrotron experiments. Key; MFC — mass flow controller, NRV — non-return valve, SOV
—solenoid valve, PT — pressure transducer.

To be able to perform this in situ characterization, we used an automated reactor
system. All the components were connected via a Process Interface unit (1GI Systems Ltd)
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equipped with a Eurotherm 3216 temperature controller and 230V AC solid state relay to
power the heater block, a 16-bit analogue to digital convertor to acquire signal from the
pressure transducer (to act as an over-pressure interlock for the gas flows) and an 8-channel
electromechanical relay module to actuate each individual 2- and 3-way solenoid valve.
The Process Interface unit also supplied 24V DC power and RS485 communication to the
MFCs (Brooks Instrument GF40). All reaction parameter set points are controlled and
adjusted remotely via LAB Interface software (1GI Systems Ltd) which also acts as process
parameter monitor and data logger. The over-pressure interlock is fully automated.

The catalyst activity is shown in terms of productivity towards vinyl chloride
monomer (VCM). We previously correlated the response factor of the mass spectrometer
towards VCM with the productivity obtained by using a Varian 450 gas chromatograph
equipped with a flame ionisation detector (FID). Chromatographic separation and
identification of the products was carried out using a Porapak N packed column (6 ft x 1/8”
stainless steel). Using the correlation obtained between productivity and VCM mass
spectrometer response it was possible to deduce the productivity for the reactions
performed.

(mol acetylene consumed * h™')

kgC(lt

Productivity =

Catalyst Characterization

Powder X-ray diffraction (XRD) spectra were acquired using an X’Pert Pro PAN
Analytical powder diffractometer employing a Cu K, radiation source operating at 40 keV
and 40 mA. Analyses of the spectra were carried out using X’Pert High Score Plus
software. The crystallite size of the metallic gold nanoparticles, where possible, were
determined using the Scherrer equation assuming a spherical particles shape and a K factor
of 0.9 at the reflection arising from the set of {111} Au planes, at 26 = 38°. Reflections
due to metallic gold are expected to be present at 26 angles of 38° (111), 44° (200), 64°
(220) and 78°(311).

X-ray absorption fine structure (XAFS) spectra for all the Au/C samples were
recorded at the Au Lz absorption edge, in transmission mode, under reaction conditions, at
the B18 beamline of Diamond Light Source, Harwell, UK. The measurements were
performed using a QEXAFS setup with a fast-scanning Si (111) double crystal
monochromator. For the in situ measurements the time resolution of the data acquisition
was 20s/ spectrum.

The X-ray absorption near-edge structure (XANES) region of the XAFS spectrum is
strongly sensitive to the chemistry of the absorbing atom. From XANES analysis it is
possible to obtain information about the gold oxidation state and also to quantify the
relative fractions of species with different oxidation states. In particular, we focused our
attention on interpreting the magnitude of the rising absorption edge in the XANES region,
typically called the ‘white line’. This feature corresponds to the Au 2ps» — 5d primary
transition, and it is detectable at an absorption energy of ~11920 eV. The intensity of the
white line will therefore increase with an increase of oxidation state (35,36). By analysing
the extended X-ray absorption fine structure (EXAFS) it is also possible to determine
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structural information, such as the bonding environment around the atom (37). Moreover,
performing EXAFS data fitting allows one to determine the coordination number relative
to the system analysed. The Demeter software package (Athena and Artemis) (38,39) was
used for XAFS data analysis of both the Au and CI data. Comparisons were made relative
to a Au foil standard and KAuCls and AuCl, standard compounds.

The Cl K-edge X-ray absorption spectra (XAS) have been measured to probe
chloride-gold bonding. Spectra for the Au/C-AR samples at different time-on-line were
recorded ex situ at the Cl K absorption edge in fluorescence mode, using beamline B18 of
the Diamond Light Source, Harwell, UK. The measurements were performed using a
QEXAFS setup with a fast-scanning Si (111) double crystal monochromator and a 36
element Ge fluorescence detector. The K-edge absorption spectrum of Cl when bound to a
transition metal shows a pre-edge feature due to the forbidden 1s—>3d transition. This
transition becomes partially allowed and therefore observed when the Cl p-orbitals mix
with the metal d-orbitals. The position of the pre-edge feature is dependent on several
factors, namely (i) the CI 1s energy, related to the charge on the chloride, and (ii) the metal
d-orbital energy which is itself determined by both the oxidation state of the metal and the
coordination number. The intensity of the pre-edge feature is dependent on the mixing of
the Cl orbitals and metal d-orbitals and so the bonding characteristic of the CI to the metal.

Materials for examination by scanning transmission electron microscopy (STEM)
were dry dispersed onto a holey carbon TEM grid. These supported fragments were
examined using BF- and HAADF-STEM imaging mode in an aberration corrected JEOL
ARM-200CF scanning transmission electron microscope operating at 200kV. This
microscope was also equipped with a Centurio silicon drift detector (SDD) system for X-
ray energy dispersive spectroscopy (XEDS) analysis.

Computational Details

All calculations were done using DFT using the CASTEP code (40,41,42). The
PBE functional was used with dispersion correction using the Tkatchenko-Scheffler
scheme (43). This scheme gave the best fit for the interlayer spacing in graphite with a
spacing of 3.385 A which is similar to the observed experimental value of 3.354 A with a
0.9% difference (44). A planewave cut-off of 500 eV was applied and a single k-point at
0.25, 0.25, 0.25 was used with all calculations spin polarised. Charges on calculations are
obtained from Hirshfeld population analysis unless otherwise stated, with Mulliken
population analysis being the other method used.

The model used for the surface is from the work of Willock et al (45). The carbon
surface was made by cutting bulk graphite along the (119) plane producing a vicinal surface
containing a step edge. The surface was stabilised with the addition of dissociated water
molecules with either a hydroxyl group or hydrogen atom on each two-coordinate carbon
atom, which stabilises the surface by 316 kJ mol™ per molecule. Dissociated HCI used in
replacement of water has the effect of stabilising the surface by 307 kJ mol™* per molecule.
This would indicate that there would be the mix and hydroxyl groups, chlorides and protons
on the step-edge. However, for the purposes of this study the hydroxylated surface was the



only one considered due to the reaction proceeding under acidic conditions, which served
to simplify the model.

AuCl and AuCls were absorbed onto the surface at several locations. The AuCl
tends to favour the carbon atoms associated with the step edge. The site that is most
favoured has a hydrogen atom attached to the step-edge carbon atom with a binding energy
of -199 kJ mol™. This should be compared to AuCls, which binds to both the carbon on
the step edge and to the hydroxyl groups on the step edge with binding energies of -323 kJ
mol™ and -318 kJ mol* respectively. In addition, an isolated Au atom has a binding energy
of -96 kJ mol™* on the flat plateau slightly away from the step edge. When the charges are
compared, all systems show a reduction in the magnitude of the Au charge from the isolated
molecule. AuClsshows about 3 times the charge compared to AuCl in the gas phase, which
is most clearly shown in the magnitude of their Mulliken charges (0.74e and 0.28e
respectively) and Hirshfeld charges (0.41e and 0.19e respectively).



Figure S1.

Representative STEM-HAADF image of the Au/C-AR catalyst in (a) the unused state and
(b) the used state showing the presence of occasional Au dimers (circled) as well as
atomically dispersed Au species. The projected separations of Au atoms in the dimeric
species were typically in the 0.2.-0.34 nm range, which is below the 0.34 nm Au-Au
separation found in AuCls,



Figure S2.

—— KAUCl,
2.0

0.5 1

0.0

—— Au/C-AR Unused
2.0

0.5

0.0

T T T T T T T T T ) T T T T 1
2816 2818 2820 2822 2824 2826 2828 2830
Energy (eV)

Ex-situ Cl K-edge XANES for the 1 wt% Au/C-AR catalyst in the unused state compared
to KAuCls (standard material for the CI-Au bond).



Figure S3.
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Au Lzedge XANES region for the Au standards used: (A) Au(lll) [AuCl4], (B) Au(l)
[AuCl2] and (C) Au® gold foil. For the two cationic Au standards, the white line intensity
values are ~ 1.1 and ~ 0.6 respectively.

In the XANES region of the Au(l11) standard spectrum (A) a very prominent feature on the
absorption edge is observed and this is attributed to the Au 2ps» — 5d transition. The
intensity of this peak is reduced in the Au* standard (B) and is absent for the Au® foil (C).
In all cases, we show a normalized edge step, so that the values of the normalized
absorption are between 0 and 1.2.



Figure S4.
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Photo-reduction of gold chloride species during under X-ray illumination. (a) Photo-
reduction of KAuCls during Au(4f) XPS analysis for increasing X-ray exposure time
(approximately 50 s per Au(4f) spectra). (b) X-ray absorption cross-section with respect to
incident energy for Au (black line) and C (red line).

The initial XPS spectra of KAuCls (Figure S4a) shows the expected dominant species is
Au(lll) at 87.6 eV, with a small signal at 85.4 eV that can be assigned as Au(l). Subsequent
scans show that the Au (I) contribution steadily increases at the expense of the Au(lll)
signal. This is clear evidence of X-ray induced reduction of Au(lll) in KAuCls, which is in
agreement with previous studies (46, 47), and highlights the issues of characterising
cationic Au species by XPS. Metallic Au, which is frequently observed in Au/C acetylene
hydrochlorination catalysts by XPS analysis must be considered with caution. It is likely
that the photo-reduction phenomena observed for the KAuCls would be much more
pronounced for isolated AuCly species supported on a reducing carbon support. We
therefore conclude that XPS analysis of Au/C acetylene hydrochlorination catalysts
substantially over estimates the contribution of metallic Au, due to the rapid photo-
reduction of dispersed cationic AuClx species.

The absence of this photo-reduction phenomenon during XAFS analysis at first sight seems
to be counter-intuitive, as this technique also subjects the sample to an X-ray beam, but
with an incident energy of ca. 11.9 keV as compared to an Al source XPS incident energy
of 1.487 keV. However, the difference in photo-reduction rates for the two processes can
be explained when the probability of photon absorption as a function of incident energy is
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considered (Figure S4b). The cross-section for an Au absorber is an order of magnitude
greater at XPS incident energies (2275 cm?g*m™) as compared to L3 edge XAFS incident
energies (182 cm?gm™). Given that the X-ray flux of both techniques is ca. 1E! ph s,
the probability of the incident X-ray interacting with matter is an order of magnitude
greater with XPS. In addition, the absorption cross-section for the C support is considerably
more significant at lower incident energies. In conjunction with the reduced absorption
cross-section during XAFS experiments, X-ray penetration into the bulk of the sample will
limit the relative number of escaping hot electrons.
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Figure S5.
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Figure S6.
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Figure S7.
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materials at different times-on-line. Reaction conditions: T = 200 °C, C;H2:HCI = 1:1.02,
GHSV (total) = 14000 h or 11000 h* for the Au/C-S,03 catalyst.
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Figure S8.
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Figure S9.
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Figure S10.
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after ca. 25 min of reaction, at (C) steady state (after 240 min of reaction) and at (D)
corresponding to time zero (beginning of reaction). Reaction conditions: T = 200 °C, C2H:
:HCl=1:1.02, GHSV (total) = 14,000 h%,
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Figure S11.
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X-ray powder diffraction patterns of the (A) 1 wt.% Au/C-AR, (B) 1 wt.% Au/C-HNOg3,
(C) 1 wt.% Au/C-S;03, and (D) 1 wt.% Au /C-H20 catalyst materials before use.

Note that no distinct f.c.c. gold reflections were observed in the 1 wt% Au/C-AR catalyst
(A). A weak broad (111) Au reflection (26 = 38°) was observed for the 1 wt% Au/C-HNO3
and 1 wt% Au/C-S,03 catalysts (B, C). For the 1 wt% Au /C-H.0 catalyst (D), reflections
corresponding to (111), (200), (220 and (310) Au lattice planes were clearly visible
suggesting the presence of numerous discrete Au nanoparticles. Scherrer analysis of the
(111) reflections of this latter material gave an estimated crystallite size of 17 nm. The
undefined reflections observed for the (C) Au/C-S20s3 catalyst can be attributed to quartz
compound present as an impurity in the support.
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Figure S12.

Representative STEM-HAADF images of the Au/C-H-O catalyst in (A, B) the unused and
(C, D) used states.

Prior to use this catalyst consist entirely of supported gold nanoparticles in the 5-100 nm
size range (A). The carbon support areas were totally devoid of any atomically dispersed
species (B). After use the 5-100 nm particles were still evident (C), but now there was
evidence of some very occasional atomically dispersed Au entities in the carbon support

(D).
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Figure S13.

In the unused material, the Au consisted primarily
of atomically dispersed Au species such as those
shown in (A) along with some minority cluster
species (arrowed in (B)). After use, the cluster
species were no longer present and the Au was
almost entirely atomically dispersed (C, D) with
the exception of very rare Au nanoparticles (E).

Representative STEM-HAADF images of the Au/C-S>0s3 catalyst in (A, B) the unused and
(C, D, E) used states.
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Table S1

EXAFS modelling for the Au L3-edge of the KAuCl, standard, Au/C-AR (fresh and in -

situ) and Au/C-S203 (fresh and in-situ) samples at different times-on-line.

Scattering

Sample oath CN R (A) 262(A?) | So2 Et (V) | Reactor
KAuCl,

Au-CI1 4* 2.284 2 014
(AU std) u-c 843 5001 90) 100
AU/C-AR

Au-Cl1 258(8) | 2.273(4 2.8(7) | 0.006
unused u 8) 4 (7
AU/C-AR
0 min Au-CI1 2.39(9) | 2.268(6) 1(1) 0.008
in situ

Au-CI1 2.78(46) | 2.297(18) 0.005
AU/C-ARN
20 min Au-CI2 0.54(37) | 2.171(76) | 0.0037° 1(1) 0.005
in situ Combined | 3.32(83) | 2.277 0.75(3) -
AU/C-AR
240 min Au-Cl1 2.46(9) | 2.275(6) 12(9) | 0.006
in situ
AU/C'SZOS $
e Au-S(Cl) 1.97(8) | 2.269(5) | 0.001 1.709) | 0.010
AU/C-SzO3 $
o mini sy | AuSCD 2.23(6) | 2.264(7) 1.3(6) | 0.005
AU/C-S;05 0.0037*
30 min AU-S(C® | 2.61(9) | 2.277(5) 2.0(8) | 0.007
in situ

* KAuUCly standard was fitted with a fixed CN of 4 and used to determine the Debye-Waller
factor (for samples at 25 °C) and also the amplitude reduction factor for all other fittings.

# Debye-Waller factor at 200 °C was calculated from literature values and the value
calculated at 25 °C.

¥ Due to comparable Z numbers, S and Cl are indistinguishable via EXAFS analysis.

A For the Au/C-AR catalyst after 20 min reaction time, two distinct Au-Cl scattering paths

were observed.
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Table S2.

LC-XANES results and fitting parameters.

Quantification (%o)

AE?
Sample R factor
Au° Au* Au® Au® | Au* Au®
Unused 0 (3.5) 55.7 (2.7) | 44.3(4.4) | 0.001150 | - (()6787) (()6255)
Time zero 0(3.3) 75.2(2.5) | 24.8(4.0) H0.001409 | - (()(')635) ?6289)
AUWC-AR  Flaximum  of the | 0 (4.8) 123|080
white line intensity 331(39) |66.9(6.1) | 0.001464 ) - (0.13) | (0.05)
0.55 0.33
Steady State 0 (4.05) 68.3 (3.05) | 31.7(5.1) | 0.001076 | - (0.07) (0.08)
Unused 2.0 (3.9 64.6 (2.9) 33.4(4.8) | 0.001266 | - ?(')637) ?6457)
. 0.8 0.7
Time zero 10.7 (3.8) | 65.6 (2.8) | 23.7(4.7) | 0.001242 | - 001 | o
AUC-HNO: M imum  of  the 05 0.9
white line intensity 0(54) 33.8(4.2) |66.2(6.9) | 0.001797 |- 015 | (0.05)
Steady State 1.2(38) |665(2.8) |323(4.8) | 0.00119 | - (()66.507) (()65.507)
0.43 0.60
Unused 49(34) |71.9(26) |23.1(4.4) |0.000952 | - 0.054) | (0.09)
; 70.00 22.5 0.42 0.30
Time zero 7.5 (3.04) (2.32) (3.83) 0.000777 (0.05) (0.09)
Au/C-S,03 Minimum of the | 6.45 70.80 22.7 0.000882 | - 0.53 0.40
white line intensity (3.27) (2.46) (4.09) ' (0.053) | (0.090)
Maximum  of the | 8.40 53.50 38.10 0001321 | - 0.05 0.52
white line intensity (4.13) (3.21) (5.23) ' (0.08) (0.070)
7.4 57.70 34.9 0.40 0.54
Steady State (3.9) 2.9) (4.9) 0.001216 |- 1 g075) | (0.070)
-1.52 1.42
Unused 725(2.7) | 222(2.1) |54(35) |0.000412 | - 010) | (031)
. 70.00 22.3 7.7 -1.5 1.3
Time zero (1.7) (1.4) 2.2) 0000122 |- | 006 |(0.14)
After 10 minutes of | 71.60 21.01 7.40 -1.30 1.42
- . .00012 -
AUCHO | reaction ) |aso |4y OO0 ©07) | (0150)
After 30 minutes of | 74.05 13.99 11.96 0000108 | - 0.12 0.80
reaction (2.03) (1.55) (2.56) ' (0.15) (0.11)
After 65 minutes of | 66.9 20.6 12.7 0000126 | - -1.95 1.04
reaction (1.43) (1.15) (1.84) ; (0.07) (0.08)
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