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Abstract

A worldwide replacement of the toxic mercuric chloride catalyst in vinyl chloride manufacture via
acetylene hydrochlorination is slowed down by the limited durability of alternative catalytic
systems at high space velocities. Here, we demonstrate that platinum single atoms on carbon
carriers are substantially more stable (up to 1073 K) than their gold counterparts (up to 473 K),
enabling facile and scalable preparation and precise tuning of their coordination environment by
simple temperature control. By combining kinetic analysis, advanced characterisation, and density
functional theory, we assess how the Pt species determines the catalytic performance and thereby
identify Pt(I11)-Cl as the active site, being three times more active than Pt nanoparticles.
Remarkably, we show that Pt single atoms exhibit outstanding stability in acetylene
hydrochlorination and surpass the space-time-yields of their gold-based analogues after 25 h time-
on-stream, qualifying as candidate for sustainable vinyl chloride production.
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Single-atom heterogeneous catalysts (SACs), containing spatially isolated metal atoms
stabilised on appropriate hosts, have emerged as a promising class of materials with diverse
applications in chemical transformationsl— and energy conversion.5-8 Owing to the
increased active site uniformity and the possibility to tune the coordination environment
through adapting the host structure,-13 SACs are uniquely suited to derive structure-
performance relationships and gain mechanistic understanding of complex catalytic
transformations, a prerequisite for the design of high-performance catalysts, needed to meet
the sustainability goals of modern society.1

A prominent example is vinyl chloride manufacture via acetylene hydrochlorination, a long-
established industrial process which runs over highly toxic and volatile mercury-based
catalysts, causing severe consequences for human health and the environment.15-17 For the
transition into a sustainable process, an economically viable alternative catalyst is
imperative.18 To this end, carbon-supported gold and ruthenium-based catalysts have
emerged as the most promising candidates, reaching significant activity, thanks to recent
advancements in the precise control of their atomic architecture.1-21 While Au(1)-Cl single
atoms have been identified as the active site in gold catalysts, their nanoparticle-based
counterparts are virtually inactive.922-24 Interestingly, the opposite particle-size dependency
was found for ruthenium catalysts, underlining the importance of careful nanostructuring of
the active site.2> Despite promising initial activity, both metal-based catalysts suffer from
deactivation, mainly due to reduction of the active metal sites and agglomeration (/.e., on
non-functionalised carbon supports), or fouling (Z.e., on functionalised carbon supports).
9.17.23.25 1 order to improve the catalyst stability, several strategies, some of which have
reached pilot plant testing,20-26 have been developed, based on employing organic ligands
containing soft donor atoms (e.g. thiosulfate, thiocyanate, thiourea, and cyanides to stabilise
cationic Au),29-26 jonic liquids,?! additional metals and/or promoters,16:17.27 angd
functionalised supports (7.e,, N, S, P, B-doped carbons or carbon-metal oxide mixtures).17:24
In particular, the former approach led to the commercialisation of an activated carbon (AC)
supported gold catalyst modified with thiosulphate ((NH,)»Au(S,03)3/AC),20 but to date, no
process installation has been publicly announced. A possible limitation may be the lack of
intrinsic catalyst stability. Since durability tests in acetylene hydrochlorination are
commonly conducted at very mild conditions, applying low gas hourly space velocities
(GHSWUC,H,) of <100 h~1 based on acetylene) or an excess of catalyst leading to acetylene
conversions of 100%, it is unfeasible to evaluate and compare the intrinsic stability of
reported state-of-the-art systems. Alternatively, the identification of other active metal sites,
which can be sufficiently stabilised by the oxygen-functionalities present in the relatively
fouling-resistant activated carbon carrier,® could lead to the development of robust
hydrochlorination catalysts. In this regard, platinum is a potentially promising candidate as it
interacts very strongly with the surface oxygen groups of a broad range of metal oxide
supports (/.e., Ce0,)*2%9-32 and additionally features a more flexible coordination chemistry
with respect to gold.33 Notably, Pt also exhibits a ca. 40% lower price compared to Au,28
rendering it appealing from an industrial perspective. However, to date there are only a few
studies on Pt-based catalysts for acetylene hydrochlorination,27-34-36 |ikely due to the ca. 7
times lower catalytic activity compared to Au-based systems, which might have discouraged
detailed investigations into this metal. On the other hand, nanostructuring of the active site
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has been proven pivotal for the success of gold and ruthenium-based catalysts, suggesting
that also platinum may unfold considerable potential in acetylene hydrochlorination if
nuclearity and host effects are optimally orchestrated.

Herein, we evaluate the properties and host effects of single-atom Pt catalysts for acetylene
hydrochlorination. For this purpose, we design a platform of Pt SACs with tunable
coordination environment (—=Cl, —N neighbours) and oxidation state (Il and 1V), by
functionalising the carbon support and using controlled thermal activation. Analogous to
gold catalysts, we demonstrate that platinum single atoms exhibit superior catalytic activity
and stability in acetylene hydrochlorination with respect to their nanoparticle-based
counterparts. While the catalytic response is not affected by the choice of the carbon support
(activated carbon or nitrogen-doped carbon), the latter determines the stability under
reaction conditions. Specifically, pyrrolic-N sites were identified to promote a coking
mechanism as rationalised by density functional theory (DFT). In direct comparison to
AuU/AC single-atom catalysts, which inexorably deactivate, Pt/AC SACs maintain a stable
performance for 100 h, surpassing the space-time-yields of the former within only 25 h time-
on-stream. The origin of these differences is analysed by combining X-ray photoelectron
spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and scanning transmission
electron microscopy (STEM) with mechanistic studies based on DFT.

Stability of platinum versus gold single atoms on carbon carriers

Carbon-supported platinum nanostructures ranging from single atoms to nanoparticles at a
fixed metal loading (1 wt.%) were derived via a two-step synthesis,®22 comprising the
incipient wetness impregnation of activated carbon (AC) or polyaniline-derived N-doped
carbon (NC) with a solution of H,PtClg dissolved in water (w) or aqua regia (a), followed by
drying (static air, 473 K), and thermal activation at distinct temperatures ( 7act, 16 h, No
atmosphere), which yielded three series of Pt based catalysts Pt/AC-a- Tyet, P/AC-W- Tyet,
and Pt/NC-w- T, (Figure 1a, Supplementary Table 1). The thermal activation was
conducted in the range of 473-1073 K, in order to avoid changes to the catalysts upon
exposure to the reaction temperature of acetylene hydrochlorination ( 7peq = 473 K) and not
exceed the carbonisation temperature of the N-doped carbon support (1073 K), preserving
the total nitrogen content and speciation over the whole temperature range, as confirmed by
N 15 XPS analysis (Supplementary Figure 1). Remarkably, in all three low-temperature
platinum catalysts ( 75ct = 473 K), the metal was atomically dispersed, as evident from
STEM images and corroborated by the absence of platinum diffraction peaks in the XRD
spectra (Figure 1a, Supplementary Figures 2-5). The synthetic simplicity of deriving carbon-
supported platinum single atoms is a clear advantage over the harsh reaction conditions
required to atomically disperse gold (/.e., aqua regia as impregnation solvent).? In addition,
Pt single atoms exhibit superior thermal stability, remaining atomically dispersed up to 1073
K on AC, while gold single atoms readily agglomerate above 473 K, if not stabilised by
suitable metal anchoring sites such as nitrogen-containing functional groups.® Notably, the
choice of impregnation solvent affects the thermal stability of Pt single atoms on AC, hinting
at a decisive role of the surface functionalisation of the carrier. In particular, the surface
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oxygen and chlorine contents (Table 1), as derived from XPS analysis, differ markedly
between the water-impregnated (4.2 at.% O and 0.2 at.% Cl in Pt/AC-w-473) and the aqua
regia-treated sample (7.1 at.% O and 0.8 at.% Cl in Pt/AC-a-473). Besides the carrier
functionalisation, also the nature of the Pt site is directly affected by the solvent choice, as
analysed by combining XPS and XAS analysis (Figures 1b,c, Supplementary Figures 6-8
and Supplementary Tables 2-4). Fitting of the XPS spectra of the low-temperature water-
based samples, Pt/AC w-473 and Pt/NC w-473 revealed a significant contribution at a
binding energy (B.E.) of 72.4 +0.1 eV that is commonly assigned to Pt(11).37 In aqueous
solution H,PtClg undergoes fast hydrolysis, during which chloride ions are exchanged for
water molecules.38 In the subsequent impregnation step, the Pt(V) species (i.é.,
[PtClg.(H20)x]2*) is partially reduced to Pt(11) on the carbon support.3® The low-
temperature aqua regia-based sample (Pt/AC-a-473) exhibits a major contribution at a
binding energy of B.E. = 73.6 £0.1 eV, indicating differences in the coordination
environment (7.e., additional Cl-neighbours) with respect to the water-based samples and/or
a formally higher oxidation state, which can be tentatively assigned to Pt(1V).3740 In good
agreement with these results, the extended X-ray adsorption fine structure (EXAFS) analysis
of P/NC-w-473, Pt/AC-w-473, and Pt/AC-a-473 indicates 2.3+0.3, 3.2+0.3, and 3.8+0.2 Cl-
neighbours, respectively (Supplementary Table 4). Notably, no peaks characteristic for Pt—Pt
bonds were detected for the low-temperature samples, corroborating the atomic dispersion of
platinum as visualised by STEM. With increasing thermal activation temperature, the
coordination environment of the Pt single atoms in the Pt/NC-w- 7, and the Pt/AC-a- T¢t
series gradually changes from predominantly Cl to O/N-neighbouring atoms (Z.¢e., 0.7+0.1 ClI
and 2.2+0.2 O/N-neighbours in Pt/NC-w-673 and 0.2+0.1 Cl and 2.5+£0.1 O/N-neighbours in
Pt/NC-w-1073). Besides, fitting of the first coordination shell further revealed a small Pt-Pt
contribution with a coordination number (CN) of 1+0.4 (Pt-foil CN = 12) at a slightly
enlarged coordination shell distance (/) of 2.93+0.01 A (Pt-foil: R=2.76 A),! possibly
indicating the presence of low-nuclearity Pt-N/O clusters (i.¢e., dimers, trimers) in Pt/NC-
w-1073 and Pt/AC-a-1073. For Pt/AC w 1073, a clear contribution of Pt(0) (B.£. =71.2
eV)3740 js observed in XPS, which agrees well with the presence of nanoparticles, as
visualised by STEM (Supplementary Figure 3).

To rationalise the remarkable stability of Pt single atoms and their evolution during thermal
activation on the carbon carriers with respect to their Au-based analogues (Figure 2a), DFT
studies were performed. The NC and AC supports were represented by a set of basal (and
sp°) defects containing different nitrogen and oxygen functionalities.? In order to evaluate
the interaction between the set of defects and the possible single-atom species, a screening
of formation energies was performed, using the blank metal atom, M, and the metal chloride,
MCI, (M = Au, Pt) as probes. Two general trends were identified: (/) N-containing defects
form stronger bonds to Pt and Au species, with respect to their O-containing analogues and
(#7) Pt (or PtCI) species bind up to three times more strongly to the support than their Au (or
AuUCI) counterparts, regardless of the type of defect (O- or N-containing, Figures 2b,c,
Supplementary Figure 9). Consequently, the stabilisation of Au single atoms on O-
containing defects, is not sufficient to prevent their agglomeration at elevated temperatures,
while Pt single atoms exhibit superior stability on both carbon carriers (AC and NC), if
suitable oxygen and/or nitrogen-functionalities are provided. The preferred single-atom
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species (M or MCI) depends for both metals on the geometry of the individual defects.
Specifically, MCI species are preferred on all defects, except those which allow a square
planar geometry of the metal site M. The latter enable the metal atom to adopt the in-plane
position in the centre of the cavities (/.e., —0.23 eV for Au and —2.59 eV for Pt in the 4xN6
cavity, with respect to the metal bulk reference), yielding configurations corresponding to
Au(l11) and Pt(I1), respectively. The migration of SA species to these highly stable
configurations is promoted by the removal of CI that occurs at high catalyst activation
temperatures.

Activity descriptors for platinum catalysts

Acetylene hydrochlorination over the three series of Pt catalysts was studied at bed
temperatures ( 7peq) 0f 423 — 523 K with a gas hourly space velocity based on acetylene
(GHSUC,H,)) of 1500 h~1 (Figure 3a). Analogous to the respective gold-based systems,
473 K was identified as the optimal reaction temperature and applied in all catalytic tests
(Supplementary Figure 10a).® Notably, vinyl chloride monomer (VCM) was the only
product detected in all tests by mass spectrometry (MS) analysis, as also commonly found
for gold-based systems. Hence, the activity of Pt and Au-based catalysts is directly
represented and compared as the yield of VCM ( Y(VCM). The catalytic activity of the
Pt/AC-w- T, series markedly drops with increasing platinum mean particle size, indicating
that alike gold, also platinum single atoms exhibit superior activity in comparison to their
nanoparticle-based analogues (Figure 3b). Besides the metal particle size, also the metal
oxidation state and the coordination environment of the single atoms strongly affect the
performance (Figures 3c,d). Specifically, Pt(I1)-Cl single atoms are ca. 2-fold more active
than their Pt(1V)—Cl and Pt(11)-N(/O) analogues, yielding an overall activity hierarchy of:
Pt(IN-CI SA >> Pt(I1)-N SA = Pt(IV)-CI SA > Pt(0) NPs. To gain a deeper understanding
on the origin of these catalytic trends, we performed acetylene temperature-programmed
desorption experiments (CoH,-TPD) with selected samples. In accordance to literature
reports, Pt(I1)-sites were found to exhibit a significantly higher adsorption capacity for
acetylene compared to their Pt(1V) analogues (Supplementary Figures 11,12).3% Besides the
metal oxidation state, also the coordination environment of the single atoms affects their
acetylene adsorption ability (Figure 3e). With an increase in N(/O)-neighbouring atoms the
adsorption capacity gradually decreases, while no apparent changes in the adsorption
strength were observed. In this regard, the superior catalytic activity of Pt(11)-Cl single
atoms might be related to their relatively higher acetylene adsorption capacity in comparison
to any other Pt-based site. Indeed, a correlation exists between the initial catalytic activity
and the acetylene adsorption capacity of the Pt/NC-series (Figure 3f). Despite the
importance of the coordination environment of the Pt single atoms, the catalytic response is
independent of the choice of the carbon carrier (AC/NC) as long as the metal-site is
unchanged (/.e., Pt/AC-w-473, Pt/NC-w-473, Figure 3a). Overall, the optimised Pt SACs
reach ca. half of the initial catalytic activity of state-of-the-art Au SACs, which is more than
three times higher compared to the activity levels reported in literature for platinum-based
catalysts, which were likely composed of Pt nanoparticles.27:34:36
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Mechanistic studies

To gain atomistic insight into the structure-performance relationships of distinct Pt sites in
acetylene hydrochlorination, DFT was employed. In addition to evaluating SA stability
descriptors, (Supplementary Figure 9) the full set of empty and occupied (Pt and PtCl)
defects was probed for acetylene adsorption, previously identified as a key indicator of
activity.? As all considered Pt SA species have vacant coordination sites, acetylene
adsorption was found to be highly exothermic over both the Pt and PtClI sites (up to —3.35
eV for a single Pt atom in a 3xN6 cavity) due to the formation of strong Pt—C bonds. The
notable exception is the in-basal-plane square planar Pt(I1) species, where the only
contribution comes from van der Waals (vdW) interactions (Figures 4a,b). Due to the
relatively high Cl to Pt ratio found in all catalysts (Table 1), the effect of incrementally
closing the SA coordination sphere with Cl-ligands, on the acetylene adsorption ability was
also evaluated. Since catalytic activity is a trade-off between stability and affinity towards
the substrate, both were taken into consideration while identifying defects that are
representative for the Pt/AC and Pt/NC catalysts, respectively (Supplementary Figures
13,14). A tri-pyrrolic (3xN5) defect was chosen for NC and a di-epoxide (2xEp) for the AC
system (Figures 4c,d). In both cases, closing the coordination sphere with additional chlorine
ligands lowered the adsorption of acetylene, by reducing it from -2.29 eV (-2.85 eV) to
-0.83 eV (-0.01 eV) for the Pt/NC (Pt/AC) system, accompanied by a corresponding
increase in SA stability (Figures 4e,f). These results are well in line with the observed
decrease in activity with increasing content of Pt (IV) species under reaction conditions
(vide infra). Strong acetylene adsorption on Pt NPs was found to be the reason for their low
activity, where acetylene effectively poisons the surface due to the fact that it is significantly
more favoured than HCI (£,4s(HCI) = -1.03 eV, E4q5(CoH)) = —2.78 eV, on Pt(111)).
However, on MCI sites strong acetylene adsorption is favourable, since Cl is already
coordinated to the metal centre, the reaction coordinate can advance viainsertion of
acetylene in-between Pt and CI. This reduces the coordination of Pt and allows for the
subsequent activation of HCI, followed by VCM evolution through a H transfer (Figure 5).
Adsorption and subsequent activation of HCI as the first reaction step (Supplementary
Figure 15) is less favourable as it leads to closing of the Pt coordination sphere and hence
compromising acetylene affinity (Figure 4). This implies that anchored Pt (1) species with
one or two Cl-neighbours should exhibit the highest performance in acetylene
hydrochlorination. Since the Cl-coordination mainly governs site reactivity, similar
behaviours can be expected for both low-temperature AC and NC SA catalysts (Pt/NC
w-473 and Pt/AC w 473). The high affinity of Pt towards unsaturated C—C bonds leads to
strong VCM adsorption (-1.82 eV), which is likely the main factor for the inferior catalytic
activity of Pt SA catalysts compared to their Au SA (-1.23 eV) counterparts. Increasing the
activation temperature of the NC and AC-supported Pt and Au catalysts, lowers the CI-
content and increases the population of the stable and inert basal-plane Pt(11)/Au(lll)
species. In principle, these sites can be activated by either HCI or acetylene, breaking two of
the bonds to the support in order to form bonds with the substrate. However, this processes
are endothermic (Supplementary Figure 16), rendering these sites undesirable for VCM
evolution, and explaining their relatively low catalytic activity (7.e., Pt/NC-w-1073).
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Catalyst stability

To directly assess the stability of Pt and Au SACs as a function of the carbon carrier and
compare their performance to state-of-the-art hydrochlorination catalysts (metal loading
fixed to 1 wt.%), we conducted 30-70 h stability tests with Pt/AC-w-473, Pt/NC-w-473,
AU/AC a-473, Au/NC-a-473, Ru/NC a 1073, and (NH4)2Au(S,03)3/AC (for simplicity
denoted as Pt/AC, Pt/NC, Au/AC, Au/NC, Ru/NC, and Au-S/AC) under accelerated
deactivation conditions, applying a GHSUC,H5) of 650 h~1 (Figure 6a). Remarkably,
Pt/AC shows a stable performance over the course of 70 h, which is in strong contrast to the
gradual deactivation of Au/AC. The origin of this diverging behaviour lies in the intrinsic
stability differences of gold and platinum single atoms on AC, while the former readily
agglomerate due to a lack of suitable metal anchoring sites, platinum remains highly
dispersed, as visualised by STEM analysis of the used catalyst (Figure 6b, Supplementary
Figure 17).% Within ca. 25-h time on stream (Z0s), the activity of Au/AC drops below the
conversion level of Pt/AC, demonstrating that Pt SACs are promising candidates for
acetylene hydrochlorination. In view of potential industrial application, the possibility to
derive stable Pt SACs v/a water-based impregnation is a significant advantage over the
hazardous aqua regia-based synthesis protocol, commonly used to obtain Au SACs. Notably,
the use of aqua regia can be avoided by employing sulphur-containing ligands (/.e.,
thiosulphates),20 but clearly the catalytic activity of the water-derived Au-S/AC system is
inferior to the pristine Au/AC and Pt/AC catalysts. On N-doped carbon, the active site
architecture is preserved for gold and platinum single atoms and graphene-confined Ru
nanoparticles2® under reaction conditions. However, the formation of carbonaceous residues
accompanied by a gradual pore blockage and decrease in surface area, lowers the acetylene
adsorption capacity with 7os, likely being the premier reason for catalyst deactivation,
regardless of the choice of metal (Supplementary Figures 12,18, Supplementary Table 6).
Besides the porous properties, also the oxidation state of platinum and the coordination
environment change under reaction conditions of acetylene hydrochlorination (Figures 1b,c).
Specifically, the relative content of Pt(IV) quickly rises during the initial fos (60-80 at.%),
accompanied by an increase in Cl neighbours (7.¢, from 2.3+£0.3 to 3.0+0.3 for Pt/NC,
Supplementary Tables 2,4). In line with the relatively lower activity of Pt(IV)-CIl compared
to Pt(11)—-Cl, the catalytic activity initially drops, until the ratio of Pt(11)/Pt(1V) species is
equilibrated and the reaction reaches a steady-state (Figure 6¢, see Supplementary
Discussion).

Origin of coke formation

To investigate the possible origin of the diverging coking tendency of activated carbon and
N-doped carbon catalysts, we performed DFT calculations on the oligomerisation paths.
Considering that the selectivity of all catalysts towards VCM was found to be 100%, it can
be assumed that the H-termination process on the PtCl active sites is sufficiently fast to
prevent the growth of longer hydrocarbon chains. Therefore, the key differences in the
coking behaviour must have their origin in the structure of the carbon supports (AC/NC). In
fact, the metal-free supports show the same diverging trends in their porous properties with
tos, as their metal-based analogues (Supplementary Table 7, Supplementary Figure 12). The
NC support contains a variety of N-heterocyclic moieties (Supplementary Table 3) of which
the most abundant are the pyrrolic (N5), pyridinic (N6), and graphitic (N3) N-sites with ca.
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50%, 30%, and 10% of the total N-content, respectively. The chemisorption of acetylene on
a pristine graphitic surface (Figure 7a), or a graphitic-N (creating a 4-membered ring on the
graphitic surface) is strongly hindered thermodynamically (£34s(CoHy) = 1.11 and 1.83 eV,
respectively, Figure 7b). However, if a pyrrolic-N defect (n1, hl) is in close proximity, the
chemisorption of acetylene triggers the opening of the 5 membered pyrrolic ring, allowing
acetylene insertion and yielding a 7-membered ring. This process is highly exothermic
(Eags(CoHp) = -2.02 and —3.42 eV, for h1 and n1, respectively). Another acetylene molecule
can be recurrently chemisorbed exothermically (n1*, h1*, Figure 7c). The presence of a
PtCI species on NC enables parallel (kinetically less favourable) coking paths, including
acetylene coupling and facilitated acetylene insertion into the pyrrolic ring (Supplementary
Figure 19). On the contrary, on an O-rich defect the effect of acetylene chemisorption is
significantly less pronounced (£;4s(C2H>) = —0.30 eV, k1) and the main source of coking on
AC is acetylene coupling over the initially predominating Pt(11) species (Supplementary
Figure 19, red path, in contrast to the more stable Pt species on NC, purple path). In this
regard, the individual coking characteristics mainly originate from the properties of the
AC/NC supports.

Discussion

Nuclearity and host effects of carbon-supported platinum catalysts in acetylene
hydrochlorination were systematically assessed by combining kinetic analysis, in-depth
characterisation, and density functional theory studies, which enabled the identification of
Pt(11)-Cl single atoms as the active site, achieving ca. 3 times higher activity than any
previously reported Pt-based system. While acetylene readily poisons the surface of Pt
nanoparticles, inhibiting HCI adsorption, on Pt(I1)-ClI single atoms the adsorbed acetylene
can be easily inserted in-between Pt and ClI, advancing the reaction coordinate. Additional
Cl-ligands in the coordination sphere increase the stability of the single-atom site but lower
the acetylene adsorption ability, which results in an overall decrease in catalytic activity, as
observed during the initial fos. The choice of the carbon carrier (activated carbon or
nitrogen-doped carbon) does not significantly alter the catalytic response of the Pt site, but
the stability in acetylene hydrochlorination is markedly affected. Specifically, on NC, coking
has been identified as the major reason for catalyst deactivation, which is possibly promoted
by N-pyrrolic defects viathe highly exothermic insertion of acetylene and formation of 7-
memberd rings. On the contrary, acetylene chemisorption on O-defects is less favourable,
explaining the significantly reduced formation of carbonaceous residues over Pt/AC
catalysts. The intrinsic stability of Pt single atoms on this carrier endows them unparalleled
durability in acetylene hydrochlorination, ultimately surpassing the space-time-yields of
state-of-the-art Au and Ru-based catalysts. This remarkable result in combination with the
benign and easily scalable synthesis protocol for Pt SACs as well as the significant price
advantage over Au finally re-qualify the previously neglected metal and thereby opens up an
alternative direction towards sustainable vinyl chloride production. Going beyond
hydrochlorination, our approach to control the reactivity of platinum atoms is generally
applicable to other areas and gives perspectives for the tunability of metal species for a wide
range of catalytic applications.
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Methods

Catalyst synthesis

The N-doped carbon support (NC) was prepared viaa two-step synthesis, comprising the
oxidative polymerisation of aniline and a subsequent carbonisation step.42 Aniline (50
mmol, Acros, 99.5%) was dissolved in deionised water (40 cm?3, pH 0.4; adjusted by
hydrochloric acid, 1.25 M, Sigma Aldrich, >37%), cooled to 277 K, and subsequently added
to a precooled solution (277 K) of ammonium persulfate (100 mmol, Acros, 98%) in
deionised water (20 cm3) under vigorous stirring, using a magnetic stirring bar.
Subsequently, the polyaniline slurry was kept for 24 h at room temperature without stirring,
followed by filtering, and washing with water (ca. 0.75 L g™1). The formed polyaniline was
dried in static air at 393 K for 12 h and carbonised at 1073 K in N, atmosphere for 1 h with
a heating rate of 5 K min~1. The obtained N doped carbon was ground and sieved into
particles with a size of 0.4-0.6 mm. Commercial activated carbon (Norit ROX 0.8) was
immersed in aqua regia at room temperature to remove metal impurities. After filtration and
thorough washing with deionised water (2 L g~1), the material was dried in static air at 393
K for 12 h and subsequently ground and sieved into particles with a size of 0.4-0.6 mm. All
metal-based catalysts were prepared via an incipient wetness impregnation method (nominal
metal loading of 1 wt.%). Accordingly, a solution of the respective metal precursor, HoPtClg
(ABCR, 99.9%, 40.0 wt.% Pt) and HAuCl4 xH,0 (ABCR, 99.9%, 49.5 wt.% Au) in water
(w, 1.5 cm3 g71) or aqua regia (a, 1.5 cm3 g~1), was added dropwise to the carbon carriers
under continuous magnetic stirring for 2 h. Subsequently, all samples were dried at 473 K
(static air, 16 h, heating rate = 5 K min~1) prior to thermal activation at higher temperatures,
as indicated in the respective sample code (74t = 473-1073 K, 16 h, N for T, > 473 K,
heating rate = 5 K min1), yielding three series of Pt catalysts: (/) PUNC w Ty, (if) Pt/AC-
W- Taet, and (777) Pt/AC-a Tt The reference gold single-atom catalysts, Au/NC and Au/AC,
and the graphene-confined ruthenium-based system (Ru/NC) were obtained v/a thermal
activation at 473 K (16 h, static air) and 1073 K (16 h, N, atmosphere), respectively, using
aqua regia as impregnation solvent.925 The sulphur modified Au-S/AC catalyst (1 wt.% Au)
was prepared according to a patented protocol.*3Accordingly, an aqueous solution of
HAUCI4-xH,0 (0.1 cm® mg~1) was added to an aqueous solution of ammonium thiosulphate
(0.03 cm3 mg™1, Sigma Aldrich, 98%). The resulting mixture was further diluted (1.5 cm3 g
~1), added dropwise to the AC support under continuous magnetic stirring, and dried ( 75ct =
378 K, 16 h, static air). An overview of all catalysts developed in this study with respective
sample codes and synthesis conditions is given in the Supplementary Table 1.

Catalyst characterisation

Inductively coupled plasma-optical emission spectrometry (ICP-OES) was conducted using
a Horiba Ultra 2 instrument equipped with photomultiplier tube detection. The solids were
dissolved in a 3:1-mixture of HNOz and H,0, under sonication until the absence of visible
solids. Elemental analysis of C, H, and N was determined by infrared spectroscopy using a
LECO TruSpec Micro combustion furnace. Powder X-ray diffraction (XRD) was measured
using a PANalytical X’Pert PRO-MPD diffractometer with Cu-Ka radiation (A = 1.54060
A). The data was recorded in the 10-70° 28 range with an angular step size of 0.017° and a
counting time of 0.26 s per step. Argon sorption was measured at 77 K in a Micromeritics
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3Flex instrument, after evacuation of the samples at 423 K for 12 h. Thermogravimetric
analysis (TGA) was performed using a Linseis STA PT1600 system coupled to a Pfeiffer
Vacuum Thermo-Star GSD 320 T1 mass spectrometer (MS). TGA of the as-prepared
catalysts and after use in acetylene hydrochlorination was carried out in diluted oxygen
(20% O,/Ar, 100 cm3 min~1), heating the samples (amount fixed to 20 mg) from 298 to
1273 K at 10 K min~! to quantify the amount of coke deposits in the used catalysts.
Temperature-programmed desorption of acetylene (C,H,-TPD) was performed in a
Micromeritics Autochem Il 2920 unit equipped with a thermal conductivity detector (TCD)
and a Pfeiffer Vacuum OmniStar GSD 320 O MS. The sample (amount fixed to 100 mg) was
loaded into a U-shaped quartz micro-reactor, pre-dried in He (7= 473 K, 2 h, /r = 20 cm3
min~1, heating rate =5 K min~1), cooled to 323 K, and subsequently saturated with
acetylene (7= 323 K, 20 min, A = 10 cm3 min~1). After purging with He (7= 323 K, 60
min, Ar = 20 cm3 min~1), the desorption was initiated by increasing the temperature to 473
K using a ramp of 5 K min~1, while monitoring the desorbed C,H, by MS. Scanning
transmission electron micrographs (STEM) with a high-angle annular dark-field (HAADF)
detector were acquired on a HD2700CS (Hitachi) microscope operated at 200 kV. Samples
were prepared by dipping the copper grid supporting a holey carbon foil in a suspension of
the solid in ethanol and drying in air. X-ray photoelectron spectra (XPS) were acquired on a
Physical Electronics Quantum 2000 instrument using monochromatic Al-Ka radiation,
generated from an electron beam operated at 15 kV, and equipped with a hemispherical
capacitor electron-energy analyser. The samples were analysed at an electron take-off angle
of 45° and a constant analyser pass energy of 46.95 eV with a spectra resolution step width
of 0.2 eV. The spectrometer was calibrated for the Au 4, signal at 84.0 £ 0.1 eV. The
elemental concentrations, given in Table 1, were quantified based on the measured
photoelectron peak areas (C 1s, N 1s, O 1s, Cl 2p), using PHI-MultiPak software and the
built-in relative sensitivity factors, which are corrected for the system transmission function.
The Pt 4fand N 1sspectra were fitted by mixed Gaussian-Lorentzian component profiles
after Shirley background subtraction (68-81 eV for Pt 4fspectra and 309-405 eV for N 1s
respectively). The selected peak positions of the Pt”/2 doublet peak are based on literature
reported data (71.2+0.1 eV for Pt(0), 72.4+0.1 eV for Pt(Il), and 73.6£0.1 eV for Ptin a
higher oxidation state, tentatively assigned to Pt(I\V).3740 The areal ratio of the Pt’/2 to Pt>/2
was fixed to 4:3 and the peak separation to 3.33 eV. The full width at half maximum
(FWHM) of the two Pt"/2 and Pt>2 doublet peaks has been locked to obtain the same values
for each single component. However, for different components the FWHM was not
restricted, resulting in small variations in the FWHM (z0.25) for different doublet-peaks.
These small variations occur due to locally differing environments (7.¢e., variations in the
chemical bonding with the second or third neighbouring atom and local variations in the
Fermi level for compounds having a band gap). The selected peak positions for the four
different nitrogen species have been fixed to 398.4 eV (N6), 400.4 eV (N5), 401.1 eV (N3),
and 403.0 eV (NO) with an error of +0.1 eV.#2 The FWHM was not restricted, resulting in
small variations (+£0.25) for different peaks. The detailed fitting parameters, reported in
literature and used in this work, are given in Supplementary Tables 2,3. X-ray absorption
fine structure (XAFS) measurements at the Pt L, and L3-edge were carried out at the
SuperXAS beamline of the Swiss Light Source. The incident photon beam provided by a 2.9
T superbend magnet was selected by a Si(111) channel-cut Quick-EXAFS monochromator.
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The rejection of higher harmonics and focusing were achieved with rhodium-coated
collimating and toroidal mirrors, respectively, at 2.5 mrad. The beamline was calibrated
using Pt foil. The area of sample illuminated by the X-ray beam was 0.5 mmx0.2 mm. The
Pt catalysts (300 mg) were finely ground, mixed homogeneously with five parts of cellulose,
and pressed into 13 mm diameter pellets. Commercial HoPtClg (ABCR, 99.9%), PtCl,
(ACROS, 99.9%), PtO, (ABCR, 99.95%), and Pt(NHz3)4(NOs3), (Sigma-Aldrich, 99.995%)
were used as references. All spectra were recorded in transmission mode at room
temperature. The extended X-ray absorption fine structure (EXAFS) spectra were acquired
with a 1 Hz frequency (0.5 s per spectrum) and then averaged over 10 min. The X-ray
absorption near-edge structure (XANES) spectra were calibrated by measuring Pt foil
simultaneously with each sample. The EXAFS spectra were analysed using the Demeter
software package.** The background signal before the Pt Z3-edge was subtracted using a
linear function (fitting range between —150 and —60 eV). The post edge signhal was
normalised to the step of one using a Victoreen function in the region between 150 and 1300
eV after the edge. The background signal before the Pt /,-edge was subtracted using a linear
function (fitting range between —150 and —60 eV). The post edge signal was normalised to
the step of one using a Victoreen function in the region between 100 and 600 eV after the
edge. We fitted the 42 weighted Fourier transformed signal and determined an amplitude
reduction factor (5?2) of 0.83 from the EXAFS fit of the Pt metal foil. All EXAFS spectra
were fitted for the first coordination shell in the A-range of 3.2-9.5 and 3.1-9.9 A~1, for L3
and L, edges, respectively and R-range of 1.1-2.85 A. To fit the Pt-Pt, Pt—ClI, and Pt-N(O)
scattering paths, Pt foil, H,PtClg, and PtO, were used as the references (Supplementary
Figure 6).

Catalyst testing

Steady-state hydrochlorination of acetylene was studied at atmospheric pressure in a
continuous-flow fixed-bed micro-reactor (Supplementary Figure 20).2 The gases CoH»
(PanGas, purity 2.6), HCI (Air Liquide, purity 2.8, anhydrous), Ar (PanGas, purity 5.0,
internal standard), and He (PanGas, purity 5.0, carrier gas), were fed using digital mass-flow
controllers (Bronkhorst) to the mixing unit, equipped with a pressure indicator. A quartz
micro-reactor of 10 mm inner diameter was loaded with the catalyst (4,4 = 0.1 g in initial
catalytic activity tests and 0.25 g in stability tests, particle size 0.4-0.6 mm) and placed in a
homemade electrical oven. A K type thermocouple fixed in a coaxial quartz thermowell with
the tip positioned in the centre of the catalyst bed was used to control the temperature during
the reaction. Prior to testing, the catalyst was heated in a He flow to the desired temperature
(7beq = 423 493 K) and allowed to stabilise for at least 30 min before the reaction mixture
(40 vol.% C,Ho, 44 vol.% HCI, and 16 vol.% Ar; in the case of Ru/NC25 additional 0.5
vol.% O,) was fed at a total volumetric flow of At = 15 cm3 STP min~1. Carbon containing
compounds (C,H, and C,H3Cl) and Ar were quantified on line viaa gas chromatograph
equipped with a GS Carbon PLOT column coupled to a mass spectrometer (GC-MS,
Agilent, GC 7890B, Agilent MSD 5977A). Since vinyl chloride (VCM) was the only
product detected in all our tests, the catalytic activity is presented as the yield of VCM,
Y(VCM), calculated according to Equation 1,
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outlet
EM. 140

inlet @
NCoH,

Y(VCM) =

where nQet and #i2i€t denote the respective molar flows of VCM and C,Hj at the reactor
VCM CoHp

outlet and inlet. The turnover frequency ( 7OF) and the space-time yield (STY) of VCM
were determined according to Equations 2 and 3,

TOF = Bl )
npy
STY(VCM) = 37— M(VCM) @
cat
The error of the carbon balance, ec, determined using Equation 4, was less than 5% in all
experiments, /e, the carbon mass balance was closed at = 95%.
o5t~ (2305 + 90
ec = e - 100 (©)

NCyoH,

After the tests, the reactor was quenched to room temperature in He flow and the catalyst
was retrieved for further characterisation. All catalytic data points were determined as an
average of at least two measurements. The evaluation of the dimensionless moduli based on
the criteria of Carberry, Mears, and Weisz—Prater confirmed that all the catalytic tests were
performed in the absence of mass and heat transfer limitations (see Supplementary Table 8
and SupplementaryDiscussion). The deactivation constants, Ap, were derived viaa simple
linear regression of the initial time-on-stream (fos) performances of selected platinum and
gold-based catalysts (linear regime). For clarity, the considered data ranges are indicated by
the respective trend lines in Supplementary Figure 10.

Computational methods

Spin polarised density functional theory (DFT) calculations were performed using the
Vienna Ab initio Simulation Package (VASP) code.>46 The functional of choice was
Perdew-Becke-Ernzerhof (PBE)*’ with dispersion contributions introduced through the D3
approach.*849 While non-valent electrons were described by projector augmented-waves
(PAW)3051 the valence monoelectronic states were expanded as plane waves with maximum
kinetic energy of 450 eV. Graphitic carbon slabs were modelled using a 6x6 supercell with
three layers of thickness. The metal surfaces were modelled using a 4x4 supercell in the
(111) orientation. For all systems the top two layers of the slab were allowed to relax and the
slabs were separated by 12 A of vacuum. The k-points sampling was a I'—centered 3x3x1
grid (~0.3 A~1). A dipole correction was employed along the z-direction normal to the slab
faces.52 The molecules were placed in a cubic box of 15 A sides. In all cases the
optimisation thresholds were 10> and 10~ eV for electronic and ionic relaxations,
respectively (VASP recommended and tested settings for graphitic materials). Transition
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states were located following the climbing image nudged elastic band procedure (CI-NEB).
53 Transition states were confirmed by diagonalising the numerical Hessian matrix obtained
by +0.02 A displacements. Simulated EXAFS spectra were generated using FEFF844 and
post-processed with Athena.>* All structures presented in this work can be retrieved from the
ioChem-BD database.5:56

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthesis and characterisation of carbon-supported Pt catalysts.
(a) Synthetic steps involved in the preparation of nitrogen-doped carbon (NC) and activated

carbon (AC)-supported platinum nanostructures, accompanied by STEM images and
structural representations of selected samples. Colour code: C —grey, N — blue, O —red, H -

white, Pt — metallic grey, Cl —

green. (b) Pt 47 XPS and (c) Pt L3z EXAFS spectra of selected

catalysts. Dashed black lines in (b) show the results of fitting the raw data (solid grey lines).
Dotted lines in (c) show the L3 EXAFS simulated DFT data. The vertical lines indicating the
Pt—Cl and Pt—O/N peaks are derived from respective reference materials (Supplementary

Figure 6). The detailed fitting data is given in Supplementary Figures 7,8).
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Figure 2. Stability of Pt and Au single atoms on carbon carriers.

(a) Combinations of synthesis parameters (/.¢, carrier, impregnation solvent, activation
temperature) that yield gold and platinum single atoms or nanoparticles, respectively,
showing the synthetic simplicity of preparing carbon-supported Pt single-atom catalysts and
their generally higher thermal stability compared to their gold-based analogues. (b, c)
Correlations of formation energies for the Pt and Au single atom (b) and metal chloride
species (c) computed as the difference in electronic energy of an empty defect and an
isolated M/MCI (M = Au, Pt), versusthe formed SA/MCI motif. (d) Nomenclature chart of
the subset of N- and O-defects described in (b, c). The energies are defined as: Eormation(M
SA) = E (def.-M SA) - E (def.) —£ (isolated M atom); Eformation(MCI) = £ (def.-MCI) — £
(def.) —£ (isolated MCI); M = Pt, Au; £ (def.-M SA) —energy of formed SA species on
defect; £ (def.-MCI) —energy of formed MCI species on defect; £ (def.) —energy of vacant
defect. Colour code: C — grey, N — blue, O - red, H — white, Pt — metallic grey, Au — metallic
yellow, CI — green.
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Figure 3. Activity descriptors for Pt catalysts.

Initial activity in acetylene hydrochlorination, expressed as the turnover frequency (70F) or
the yield of vinyl chloride monomer, Y(VVCM), of nanostructured Pt catalysts, as a function
of (a) the activation temperature applied in the synthesis, (b) the mean metal particle size,
(c) the metal oxidation state of Pt single atoms, and (d) the coordination environment of Pt
single atoms. (e) Acetylene evolution curves obtained from TPD-MS analysis of selected Pt
single-atom catalysts, indicating that the coordination environment of Pt(I1) single atoms
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affects the CoH, adsorption capacity. (f) Initial activity as a function of the acetylene
adsorption capacity of platinum single-atom catalysts.
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Figure 4. Relationship between the stability of the single-atom species and their ability to adsorb
and activate acetylene.

(a-d) Radar plots of the interactions with the scaffold and M/MCI (M = Au, Pt), and
adsorption of acetylene over Pt and PtCI supported species and the corresponding empty
defect (def). (a, b) Square planar configurations in the basal plane (values marked with a star
(* /%) exceed the scale of the plot and are —6.06/-8.08 eV for 4xN6 (PtCI/Pt) and —6.67 eV
for Pt at 4xCQ). (c, d) Configurations that allow for the coordination of multiple ligands
from the gas phase. (e, f) Effect of the addition of Cl into the coordination sphere of a SA
species on its stability relative to the energy of PtCl (green), and the ability to adsorb
acetylene (red). The energies are defined as: a-d in Figure 2.; £54s(CoHy) = E (def.—PtClp~
CoHy) — E (def.—PtClp) —£ (isolated C,H>); £(Cl addition) = £ (def.—PtCl ) — £ (def.—Pt) —
M2 E (isolated Cl»); N €{0, 1, 2, 3, 4}. Colour code: C —grey, N — blue, O —red, H —
white, Pt — metallic grey, Cl — green.
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Figure 5. Reaction pathway for acetylene hydrochlorination over distinct Pt sites.
Mechanism over PtCl single-atom species supported on a di-epoxide (2xEp) defect of the

AC support (red) and a tri-pyrrolic (3xN5) defect of the NC support (green) as well as over
the Pt(111) surface (dark grey). The energies are defined as: £= Eintermediate(def. —PtCl-
(CoHy),—HCl ;) — £ (def—PtCI) — nn £ (isolated CoH5) — m £ (isolated HCI); where £ the
energy of the intermediate versusthe reference state (active site, isolated C,H, and HCI
molecules); Eintermediate(def.—PtCI-(C,H5) ~HClI ;) — electronic energy of the relaxed
intermediate (structure illustrated in box). Colour code: C — grey, N — blue, O —red, H —
white, Pt — metallic grey, Cl — green.
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Figure 6. Catalyst stability and deactivation.
(a) Time-on-stream (fos) performance under accelerated deactivation conditions of selected

platinum single-atom catalysts in direct comparison to state-of-the-art ruthenium and gold-
based catalysts, Pt/AC w 473, Pt/NC-w-473, Au/AC-a-473,% Au/NC-a-473,° Ru/NC-
a-1073,% and (NH4),Au(S,03)3/AC?%4L (for simplicity denoted as PUAC, Pt/NC, Au/AC,
AU/NC, Ru/NC, and Au-S/AC, respectively), expressed as space-time-yields (S7Y). (b),
STEM images of the AC-supported catalysts after use in acetylene hydrochlorination for 50
h, visualising preserved atomic dispersion of Pt and Au particle agglomeration, respectively.
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(c), Comparison of the major deactivation paths identified for Pt and Au single atoms hosted
on AC and NC.
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Figure 7. Coke formation over the AC and NC carrier.

CoH> is adsorbed from the gas phase on the edges of defect sites (a) that include pristine
graphite (pl), graphitic nitrogen (g1), keto group (2xCO, k1-k5), and pyrrolic/pyridinic-N
atoms (2xN6+NH5, h1-h7; 2xN6+N5. n1-n7). In all structures, CoH, is chemically bound to
the graphitic basal plane (van der Waals (vdW) adsorption is shown in Supplementary
Figures 13, 14), and the energy changes represented in (b). Coke formation is described as a
reaction pathway (c) where an acetylene molecule is adsorbed on the top of the defect by
vdW forces and chemically bound (g1, p1, k1, hl and n1). A second CoH, molecule is then
chemically bound to h1 and n1 yielding h1* and n1*. The energies are defined as: Eyqs,
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(C2H2) = Eintermediate(def.—(CoHy) ) — £(def.) — n £ (isolated CoH5); Colour code: C — grey,
N - blue, O - red, H — white.
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Metal content and surface atomic concentrations of selected catalysts.

Table 1

Catalyst P % N 0% o
wt% at% at% at% at% at%
NC 000 000 842 93 64 01
AC 000 000 953 03 44 00
PUNC-w-473 097 008 88 85 51 06
PUNC-w-673 100 007 845 91 52 02
PUNC-w-1073 094 008 870 84 30 01
PUAC-W-473 094 006 950 04 42 02
PUAC-W-1073 097 004 967 06 26 00
PUAC-a-473 092 011 919 02 71 08
PUAC-a-673 102 007 952 01 40 07
PUAC-a-1073 097 007 93 00 31 05
PUNC-w-473-12h 094 010 864 80 43 13
PUAC-W-473-50h 099 007 966 00 31 09
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