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Performance descriptors of nanostructured metal
catalysts for acetylene hydrochlorination
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Controlling the precise atomic architecture of supported metals is central to optimizing their catalytic performance, as recently
exemplified for nanostructured platinum and ruthenium systems in acetylene hydrochlorination, a key process for vinyl chlo-
ride production. This opens the possibility of building on historically established activity correlations. In this study, we derived
quantitative activity, selectivity and stability descriptors that account for the metal-dependent speciation and host effects
observed in acetylene hydrochlorination. To achieve this, we generated a platform of Au, Pt, Ru, Ir, Rh and Pd single atoms
and nanoparticles supported on different types of carbon and assessed their evolution during synthesis and under the rel-
evant reaction conditions. Combining kinetic, transient and chemisorption analyses with modelling, we identified the acetylene
adsorption energy as a speciation-sensitive activity descriptor, further determining catalyst selectivity with respect to coke
formation. The stability of the different nanostructures is governed by the interplay between single atom-support interactions
and chlorine affinity, promoting metal redispersion or agglomeration, respectively.

tecture of supported metal particles, down to the single atom

limit, heterogeneous catalysis has emerged as one of the most
prominent frontiers of nanoscience' ”, with diverse applications in
energy conversion’"’ as well as bulk and fine chemical synthesis'"'"".,
In combination with in-depth characterization and theoretical
investigations'*', enhanced synthetic control over the active sites
opens new perspectives for solving long-standing challenges in het-
erogeneous catalysis™.

A timely example is acetylene hydrochlorination, which has
regained significant attention due to the urgency to replace the toxic
catalysts based on mercuric chloride used to produce the vinyl chlo-
ride monomer (VCM). Every year, 1,200 metric ton Hg is used to
manufacture the catalyst, 600 metric ton Hg is wasted, and 40 metric
ton Hg is emitted into the atmosphere through volatilization under
the operating conditions. The process is a textbook example of sacri-
ficing the environment for societal progress due to the high demand
for polyvinyl chloride (PVC), mostly in construction and piping™ ",
To produce more than 70% of PVC (13 million metric tonyr™') by
acetylene hydrochlorination, China, the key global player in the
PVC market, exploits its vast coal reserves”. The pressing need
for a technological solution to achieve the goals of the Minamata
Convention on Mercury, avoiding the use of mercury-based cata-
lysts, is yet to be fulfilled. To effectively guide the search for alter-
native candidates, catalytic descriptors are central™* and have thus
been sought since the 1960s. In early pioneering studies, Smith™ and
Shinoda" correlated the activities of supported metal chlorides with
the electron affinity of the metal cations and the electron affinity
divided by the metal valence, respectively. A decade later, Hutchings
and co-workers” " introduced the standard electrode potential as
an optimized descriptor, directing research towards precious met-
als, namely carbon-supported gold-based catalysts. Detailed inves-
tigations revealed a clear dependence between catalyst synthesis
conditions and activity in acetylene hydrochlorination, pointing to

P ropelled by recent advances in the control of the atomic archi-

a pronounced structure sensitivity. This relationship was recently
confirmed by the identification of distinct active-site nanostruc-
tures in the gold-""", ruthenium-""" and platinum-based cata-
lysts™ employed for this reaction. Even more relevant to practical
applicability than the pristine active-site architectures and their ini-
tial catalytic activity is their dynamic behaviour under the reaction
conditions, which is directed by an interplay of metal-dependent
nuclearity and host effects, a complexity that no activity correlation
established to date can account for (vide infra). Thus, an improved
understanding of speciation effects (that is, the local structure in
terms of composition and metal charge) is key to building robust
structure-performance relationships and guiding the rational
design of practical hydrochlorination catalysts.

In this study, we generated a platform of carbon-supported metal
catalysts (Au, Pt, Pd, Ru, Rh and Ir) with different nanostructures
ranging from single atoms to nanoparticles. This is pivotal to dis-
entangling metal nuclearity and host effects, and it has allowed us
to derive activity, selectivity (with respect to coke formation) and
stability descriptors for acetylene hydrochlorination. To this end,
we assessed the evolution of distinct metal nanostructures hosted
on differently functionalized carbon supports during synthesis and
under the reaction conditions by combining spectroscopic, micro-
scopic, kinetic and mechanistic methods, as well as density func-
tional theory.

Platform of nanostructured catalysts. To assess potential catalytic
descriptors, a platform of metal/carbon (M/C) catalysts containing
six metals (Au, Pt, Pd, Ru, Rh and Ir) with different nanostructures,
varying from single atoms (SAs) to nanoparticles (NPs) of gradually
increasing size, at a fixed metal loading, supported on activated and
N-doped carbon (AC and NC, respectively; Fig. 1a) was prepared
and characterized, as detailed in Supplementary Information Section
I. The carbon supports were impregnated with a solution of the
metal chloride precursors, followed by thermal activation at distinct
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Fig. 1| Synthesis and characterization of M/C catalysts. a, Evolution of metal speciation upon thermal activation (T_,) and acetylene hydrochlorination
as a function of the metal (M) and carbon host functionalization. b, STEM images exemplifying SA agglomeration in gold catalysts supported on
activated carbon (top), the stability of gold catalysts supported on N-doped carbon {middle) and redispersion in ruthenium catalysts (bottom) for
as-prepared catalysts and catalysts used for 12h. M-SA, single metal atoms; M-NP, metal nanoparticles; M-SA-N_, four-fold N-coerdinated single
metal atoms. ¢, EXAFS spectra of fresh and used catalysts, Catalysts are denoted M/C-x h after use in the acetylene hydrochlorination reaction for xh

time-on-stream.

temperatures (T,,; Supplementary Table 1). By combining scanning
transmission electron microscopy (STEM), X-ray diffraction (XRD),
X-ray absorption spectroscopy (XAS), X-ray photoelectron spec-
troscopy (XPS) and density functional theory (DFT), the evolution
of the metal site as a function of the metal, T,, and host functional-
ization was assessed (Supplementary Figs. 1-9 and Supplementary
Tables 2-5). Although at T, =473 K all metals were exclusively pres-
ent as SAs, an increase in activation temperature triggered distinct
behaviour for all metals, depending on the carbon host. On AC,
all the metals agglomerated into either metallic (Au, Pt and Pd) or
metal oxide (Ru, Rh and Ir) NPs, based on XPS and extended X-ray
absorption fine structure (EXAFS) analysis. On NC, the former
group of metals did not undergo agglomeration up to 1,073K, but
a change in the coordination environment from M-Cl, to M-N,

SAs (that is, coordinated to four neighbouring nitrogen atoms). To
rationalize these transformations, three aspects were considered:
(1) metal cohesive energy, E_,, (2) metal oxide formation energy,
E...(M oxide), and (3) SA formation energies. As E_;, and E,_ (M
oxide) are linearly dependent (Fig. 2a), the origin of the diverging
behaviour of the Au and Ru groups relates to their ability to form
stable oxides. To assess the impact of metal-host interactions, DFT
was employed (Extended Data Fig. 1, Supplementary Figs. 10-15
and Supplementary Information Sections I and VII). Interactions of
the single metal atoms and MCI, species with the host vary widely,
depending on the specific AC or NC defect (Fig. 2b,c and Extended
Data Fig. 2), indicating a linear dependence of the metal SA and
MCI, stability on metal oxide stability. Thus, the metal oxide forma-
tion energy plays a key role in directing speciation (Fig. 2d).
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Fig. 2 | Speciation stability analysis via density functional theory. a, Comparison between the stability of the bulk metal (described by £, ) and the metal
oxide phase (E._. (M oxide)). b,c, Average interaction energies of single metal atoms (M-SA; b) and chlorinated metal atoms (MCI; ¢) with the anchoring
sites of the support in comparison with the stability of the metal oxide phase. d,e, Stability (d) and structural representation (e) of single metal atoms with
varying degrees of chlorination on a representative defect of AC (bi-epoxidic site) compared with bulk metal atoms and metal oxides, rationalizing the

transformation of M-SA/C to oxidic M-NP/C for M=Ru, Rh and Ir.

Metal-dependent optimal nanostructure for activity. The plat-
form of M/C catalysts was studied under typical acetylene hydro-
chlorination operating conditions. For all catalysts, the initial
activity (15min time-on-stream (tos)), expressed as the yield of
vinyl chloride (Y(VCM)) or turnover frequency (TOF) with respect
to acetylene conversion, depends on the metal speciation and/or
host functionalization (Fig. 3a and Supplementary Figs. 1, 2 and 16).
In the cases of Au and Pt, SAs are the preferred site, whereas nucle-
arity effects have only a marginal influence for Pd. In contrast, Ru,
Rh and Ir show high activity in NP form, whereas their SA coun-
terparts are virtually inactive, Additionally, the performance of the
Ru group is affected by host functionalization, with NC enhancing
the activity of the Ru-based catalyst and AC boosting the Ir- and
Rh-based systems (Fig. 3a,b). Clearly, these catalytic trends can-
not be rationalized by a simple metal-only dependent variable (for
example, electron affinity and electronegativity; Supplementary
Table 6 and Extended Data Fig. 3).

To identify a speciation-sensitive activity descriptor, kinetic
studies were performed over the whole M/C catalyst platform. A
correlation between initial activity and decreasing apparent acti-
vation energy (E,) can be identified (Fig. 4a and Supplementary
Fig. 17), with the exception of Ru, Rh and Pd SA catalysts. Each of
these three metals is expected to have a high affinity towards both
substrates, implying rapid chlorination (Fig. 2d) or coking (that is,
Pd efficiently catalyses C-C cross-coupling)”’, jeopardizing struc-
ture-activity correlations. The overall reaction orders with respect
to HCl and C,H, were derived for Au/C, Pt/C and Ru/C, and were
found to be in the range 0.5-1.1, indicating that the reaction rate
depends on the surface coverage of both reactants (Supplementary
Fig. 18 and Supplementary Table 7). In most cases, a higher partial

reaction order is obtained for acetylene (n¢,y,~0.8-1.1) than for
HCI (1,2 0.5-0.9), suggesting the former has a more critical role
in the reaction mechanism, which is in line with previous literature
reports™, In fact, there is a rough correlation between increasing
initial activity and the ratio of the partial reaction orders of C.H,
and HCI (Fig. 4b). These results hint at the possible key role of metal
speciation in balancing the interaction with the reactants and the
selectivity and stability of the catalyst.

To investigate this hypothesis, we quantitatively compared the
adsorption and desorption of C,H,, HCland VCM on the M/C cata-
lysts by temporal analysis of products (TAP; Fig, 4¢, Supplementary
Figs. 19-22 and Supplementary Table 8)"'. With a few exceptions,
all three gases adsorbed reversibly on the catalysts (for details see
the Supplementary Information)*“. To enable a quantitative com-
parison between the adsorption and desorption, the experimental
responses of C,H,, HCl and VCM were kinetically evaluated, and
the adsorption (k.. ) and desorption (k,,,) constants as well as their
ratio were derived. As indicated by the k. 'k, ratios, the metal
speciation and nature of the host significantly influence the interac-
tion with the reactants and product (Fig. 4c). The interaction of the
host with HCl is generally the strongest, but no meaningful correla-
tion can be observed between the experimental TOF and the ratio
of the k4. .o/k... constants of HCI (Fig. 5a), disqualifying the HCI
interaction as an activity descriptor. In line with the stability gained
through the introduction of Cl ligands, identified by DFT (Fig. 2d),
the HCl interaction is maximized on metal SA (M-SA)/C catalysts
(Fig. 4c). In stark contrast, the VCM interaction is virtually insen-
sitive to host functionalization and metal nanostructure. Notably,
the interaction of acetylene with the host varies significantly as a
function of nanostructure for most metals, in accordance with the
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Fig. 3 | Speciation performance analysis of M/C catalysts in acetylene hydrochlorination. a, Initial catalytic activity of M/C catalysts with varying metal
nanostructure and host functionalization, expressed as the TOF, as a function of the standard electrode potential (£°) of the respective metal chloride.
The units molc,y, mol,," s represent moles C;H, per mole active site per second. b, Representation of the optimal active-site structure for each metal.
Notably, E® accounts for a particular electrode reaction (number of electrons transferred and also the nature of the reactant, for gold, for instance,
reductions starting from Au(lll) and AuCl," are listed). As each metal can undergo several redox reactions, depending on their initial and other attainable
chemical oxidation states, a change in the metal speciation will directly affect £°. Hence, the metal speciation must be taken into account when assigning
a representative (best-matching) tabulated electrode potential. Considering the material gap between the real catalyst and the metal chlorides in solution
employed to derive E°, this methodology has limited reliability and masks metal speciation effects.

initial activity trends, pinpointing its potential use as an activity
descriptor. In fact, a volcano-type correlation is obtained between
the TOF and ratio of the adsorption and desorption constants of
C,H, derived from the TAP analysis (Fig. 5b). Notably, the acety-
lene interaction with a given metal nanostructure can be signifi-
cantly affected by the functionalization of the support, which is in
line with the results of a dedicated study on the effect of the carbon
support in Pt SA catalysts for acetylene hydrochlorination. To
reinforce the acetylene interaction as an activity descriptor, a volu-
metric chemisorption analysis of acetylene was performed, further
verifying the outcome of transient kinetic analyses. The volumet-
ric technique also yielded a volcano-type correlation between the
initial activity and the quantity of acetylene chemisorbed at 473K
(Fig. 5¢). DFT was employed to rationalize the experimental obser-
vations. Acetylene adsorption and subsequent activation are key
steps in the VCM evolution reaction mechanism (Extended Data
Fig. 4). The adsorption of acetylene over M-SA/C is sensitive to
the presence of Cl (Supplementary Fig. 23), with less coordinated
centres binding acetylene more strongly. The role of HCI is two-
fold, acting both as a source of Cl ligands (increasing SA stability)
and as reaction substrate, whereas acetylene, when present at the
active site, (mostly) contributes to VCM formation. Accordingly,
the volcano-like dependency between acetylene adsorption and
initial catalytic activity is also captured by DFT, considering rep-
resentative structures for SAs with distinct coordination environ-
ments (taking Cl coordination into account, in agreement with the
simulated and measured EXAFS features; Supplementary Figs. 8, 9
and 15), oxide and metallic NPs (Fig. 5d). Qualitatively, the adsorp-
tion energy of acetylene depends on the position of the d-band (or
localized states)™ of the respective metal in the particular material
(Supplementary Fig. 24). In general, highly chlorinated SA spe-
cies suffer from low acetylene affinity, whereas Pt and Pd metal
NPs are poisoned due to the strong adsorption of acetylene on the
(111) facet. In contrast, Au NPs are comparatively inert, whereas
Au SA sites with low coordination, as well as rutile (110) Ru and
Rh oxide sites, show optimal acetylene affinity. The energy of the
peak of the volcano corresponds to the energy at which acetylene

adsorption at the carbon edge is no longer competitive with that
on the metal site.

In summary, the acetylene interaction has been identified as a
nanostructure-sensitive activity descriptor, based on the comple-
mentarity of the different analytical tools applied to a compre-
hensive catalyst platform. Even though there are differences in the
approaches, with experimental techniques averaging interactions
over the whole material (that is, active, spectator and host sites)
and computational methods providing a single ideal structure of
the active site, there is excellent agreement on the overall trends
and conclusions drawn from Fig. 5. This multi-technique approach
ensures the robustness of descriptor identification, fulfilling the
ultimate goal of providing valuable guidelines for catalyst design.

Metal-dependent selectivity and stability descriptor. Having
identified the relevant factors that govern the initial activity of
metal-based catalysts in acetylene hydrochlorination, we extended
the scope of our investigation to selectivity and stability descriptors.
Although the former is commonly reported to be virtually 100% in
this reaction, side reactions do occur, as is evident from the gradual
accumulation of coke and Cl-containing deposits on the catalyst
surface (Supplementary Table 9). These effects are also intimately
connected with the modes of deactivation and catalyst stability. To
facilitate a qualitative comparison, the M/C catalysts were evalu-
ated in acetylene hydrochlorination for varying times on stream
(accelerated deactivation conditions, GHSV(C,H,)=650h""), and
deactivation constants (k;,) were derived by simple linear regres-
sion of the data obtained within the first 3 or 10h on stream
(Supplementary Fig. 25). In general, the SA stability is mainly
determined by the choice of metal and decreases in the order
Pt> Au>Ru=Ir>Rh:% Pd (Fig. 6a). However, host functionaliza-
tion also plays a role, with NC-based systems deactivating in most
cases more rapidly than their AC-based counterparts, whereas
nanostructure has only a minor effect. To evaluate the possible rea-
sons for the observed deactivation trends, M/C catalysts with opti-
mized nanostructure were characterized after 3 or 12h on stream in
the acetylene hydrochlorination reaction, combining STEM, XPS,
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Fig. 4 | Kinetic analysis of M/C catalysts in acetylene hydrochlorination.
a,b, TOF as a function of the apparent activation energy (£,) and the ratio
of the partial reaction order of acetylene and HCI (b). ¢, Comparison of the
ratio of adsorption (k,.. ..) and desorption (k,,.) constants of C,H,, HCl and
VCM as determined by TAP. The green regiens in all panels of ¢ indicate the
average strength of adsorption, and the dashed black lines are guides to the
eye. The colour code applies to all panels.

XAS, thermogravimetric analysis coupled to mass spectrometry
(TGA-MS) and sorption measurements. Three major deactivation
modes were identified: (1) metal nuclearity changes (agglomeration
or redispersion), (2) chlorination and (3) coking (Fig. 6b,c). The first
path depends on the choice of metal and host, and strongly affects
all M/C catalysts, except for Pt-SA/C, which does not undergo any
nuclearity changes. The Ru group (Ru, Rh and Ir) generally redis-
perses into smaller particles and even SAs on both types of support,
as found by STEM (Supplementary Figs. 1 and 2). This process is
accompanied by an increase in the metal-Cl coordination number,
derived from EXAFS (that is, for Ru-NP/NC from 0 to 2.9+0.4
within 6h tos) and well in line with the degree of surface chlori-
nation determined by XPS (Supplementary Table 3). Accordingly,
the chlorine content in the used catalysts increases in the order
Au <Pd <Pt<Rh<Ir<Ruand is generally enhanced for NC-based
systems, This trend qualitatively correlates with the oxide formation
energies, possibly due to the redox character of the interactions in
both cases (that is, MCln and MO,). Consequently, metals forming
stable oxides (Ru, Rh and Ir) tend to be more affected by the pres-
ence of Cl. Au and Pd are more prone to agglomeration on AC due
to weaker interactions with the scaffold. Pt strikes a compromise
between redox and covalent behaviour, binding strongly to defects
and Cl to overcome its cohesive energy, but not to the extent to form
metal NPs. On NC, all metals of the Au group are fully stabilized in
SA form due to stronger metal-host interactions (Fig. 2b,c).

The degree of coking, determined by TGA-MS and corrobo-
rated by the decrease in catalyst surface area within 3h tos, is
mainly affected by the choice of metal and increases in the order
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Fig. 5 | Performance descriptor for M/C catalysts in acetylene
hydrochlorination. a,b, Experimentally determined TOF as a function of the
ratio of adsorption (k... .,) and desorption (k...) constants of HCI (a) and
C,H, (b), as determined by TAP analysis. ¢, Catalyst activity as a function of
acetylene adsorption capacity, as determined by volumetric chemisorption
at the reaction temperature of 473K. d, Variation in TOF with computed
acetylene adsorption energy over modelled active sites, including SA

sites with varying degrees of chlorination (MCI, ), the N-coordination
environment (SA-N,), metal NPs (represented by the most stable (111)
surface) and metal oxides (represented by the most stable rutile surface
(110)). The SA sites represented in d are AuCl, PtCl,, PdCl,, IrCl, and RhCl,
anchored on bi-epoxidic (AC) or tri-pyrrolic (NC) defects. The grey dotted
lines in b-d are guides to the eye, The coloured regions in b-d indicate too
weak (grey) and too strong (red) acetylene interactions. The colour code
applies to all panels,

Au<Pt<RhaIraRu<Pd (Supplementary Fig. 26 and Extended
Data Fig. 5). This trend is well in line with the high acetylene affin-
ity of the metals. The nanostructure and host functionalization also
influence (to a lesser extent) the coking behaviour, with SAs and
NC" being more affected than their NP- and AC-based analogues,
respectively (Supplementary Table 9).

Conclusions

The activity, selectivity and stability of carbon-supported metal
catalysts in the acetylene hydrochlorination reaction is governed by
an interplay of nuclearity, coordination and host effects. We have
revealed significantly different results compared with traditional
screening studies (Supplementary Table 10 and Supplementary
Fig. 27)""“. To derive robust performance descriptors that can
account for the metal-dependent speciation effects, we generated
a platform of Au, Pt, Pd, Ru, Rh and Ir nanostructures supported
on differently functionalized carbon and assessed their evolution,
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combining kinetic, mechanistic and computational methods.
Based on their distinct active-site nanostructure, three cases have
been distinguished, namely (1) Au and Pt, (2) Ru, Rh and Ir, and
(3) Pd-based systems, which exhibit the highest activity in the
form of MCI, SAs, metal oxide and metallic NPs, respectively. The
first-order descriptors control speciation and balance metal cohe-
sive energy and oxide and chloride formation. Irrespective of metal
speciation, the catalytic descriptor is the acetylene interaction, vali-
dated by experimental results from TAP analysis, reaction orders
derived from steady-state kinetic studies, volumetric chemisorp-
tion and DFT. Despite the intrinsic features of the different meth-
odologies, their complementarity ensures robustness in descriptor
identification, with important implications for catalyst design. The
optimal acetylene adsorption energy is around —1eV, close to the
acetylene adsorption energy at the carbon edge, suggesting com-
petitive adsorption on the metal nanostructure and carbon host.
Close to the maximum we found AuCl SAs and Ru or Rh oxide NPs;
highly chlorinated SA sites of Ru, Rh and Ir exhibit too weak an
acetylene affinity (>0eV), whereas Pt and Pd metallic NPs inter-
act too strongly (<=2.5¢eV), promoting coking and compromising
HCI accessibility. The selectivity with respect to the formation of
coke is mainly determined by the acetylene affinity of the metal
speciation and the functionalization of the carbon support (that is,
maximized for Pd NPs and NC). Chlorination and metal nuclear-
ity changes are relevant deactivation paths. Specifically, Au and Pd
nanostructures undergo agglomeration on AC and are stabilized on
NC; exceptionally, Pt is stable on both supports. Oxide NPs of Ru,
Rh and Ir undergo chlorination and redisperse into SAs, regard-
less of the host. These trends can be rationalized by an interplay
of two stability descriptors (a subset of the structural descriptors):
(1) the SA-host interaction and (2) the affinity towards chlorine.
Accordingly, metals forming stable oxides (Ru, Rh and Ir) are more
prone to chlorination than metals with lower cohesive energies (Au
and Pd), whereas Pt offers a good compromise between redox and

covalent behaviour. Going beyond acetylene hydrochlorination, the
herein presented strategy integrating precision material synthesis,
advanced characterization tools and theory to control, systemati-
cally assess and rationalize nuclearity, coordination and host effects
is generally applicable to supported metal-catalysed reactions and
thus provides a complete framework to derive catalytic descriptors
for various applications.
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Methods

Catalyst preparation. All carbon-supported metal-based catalysts (nominal
metal loading 1 mass%), denoted M/C, were prepared by an incipient wetness
impregnation method, employing the respective metal chloride and aqua regia™",
HCl or deionized water as solvent . The obtained solutions were added dropwise
onto the carbon carriers (that is, polyaniline-derived NC" or commercial

AC (Norit ROX 0.8). Subsequently, all samples were dried at 473K (heating
rate=5Kmin™', 16h, static air) to vield the respective SA catalyst, denoted M-SA/
NC or M-SA/AC. In the case of Ay, Ptand Pd, M-SA-N/NC catalysts were
obtained by thermal activation of the respective M-SA/NC sample (T, ,=1,073K,
heating rate =35 Kmin~', 16h, flowing N,). The NP-based catalysts (M-NP/NC for
Ru, Rh and Ir, and M-NP/AC for all metals) were derived by thermal activation

in the temperature range T,,=523-1,073K (heating rate=5K min~', 16 h, flowing
N,). The catalysts are denoted M/C-xh after use in the acetylene hydrochlorination
reaction for xh tos. Further details of the catalyst synthesis are provided in the
Supplementary Information.

Catalyst characterization. Multiple techniques were employed to characterize
the M/C catalysts in fresh form and after use in acetylene hydrochlorination. In
particular, the composition of the catalyst surface, metal speciation and dispersion
were determined by extended X-ray absorption fine structure (EXAFS) analysis,
XPS, XRD and STEM using a high-angle annular dark-field detector. The

porous properties were assessed by Ar sorption at 77 K. The interactions of the
catalysts with acetylene were studied by static volumetric C,H, chemisorption at
the reaction temperature (473 K). The coke deposits on the used catalysts were
quantified by TGA-MS. Details of all characterization techniques and procedures
are provided in the Supplementary Information.

Catalytic evaluation. The hydrochlorination of acetylene was evaluated at
atmospheric p in a conti -flow fixed-bed reactor set-up (depicted in
Supplementary Fig. 28 and further described in the Supplementary Information).
In a typical test, the catalyst (mass=0.1g for initial catalytic activity and kinetics
tests, and 0.25 g for stability tests) was loaded into a quartz micro-reactor and
pretreated in He at 393 K for 30 min. Thereafter, a total gas flow containing 40 vol%
C,H,, 44vol% HCl and 16 vol% Ar was fed at a rate of 15cm’min~ into the reactor
with a bed temperature of 453-483 K, employing a high gas hourly space velocity
based on acetylene of 650-1,500h~ to assess the catalysts under the so-called
accelerated deactivation conditions. Reactants and products, including the yield

of vinyl chloride, reaction rate, TOF, deactivation constants, as well as the carbon
mass balances and mass and heat transfer limitations were quantified according to
the protocols detailed in the Supplementary Information.

Transient mechanistic and kinetic analyses. The type of adsorption (reversible or
irreversible) of C,H,, HCland VCM on the bare supports and the corresponding

metal-based catalysts was determined by pulse experiments in a TAP reactor (TAP-

2)"4_ The kinetic parameters of these processes, that is, the effective adsorption
(k,4,.) and desorption (k) constants and their ratio (k,, k), were determined
through kinetic evaluation of the above tests. All details are provided in the
Supplementary Information,

Computational methods. To gain insights into the interaction of acetylene with
distinct metal sites, DFT calculations were performed using the Vienna Ab initio
Simulation Package with projector augmented wave core potentials and the
PBE-D3 functional, as detailed in the Supplementary Information. In our model,
we considered more than 280 SA configurations. Specifically, one graphitic, nine
N-rich (based on pyrrolic, pyridinic and oxopyridinic sites) and six oxidic defects
(hydroxy-, epoxide- and keto-based sites; Extended Data Fig. 1) were populated
by six different metals as SAs, chlorinated SAs and metal dimers, and evaluated
on the basis of stability (that is, formation energies, dimer formation energies
and chlorine affinity) and activity (that is, steric prerequisites and availability of

free coordination sites at the SA centre) descriptors (Supplementary Figs. 10-14).
Following this exhaustive analysis, we focused on the two most representative

sites, bi-epoxidic for AC and tri-pyrrolic for NC, We assessed the uncertainties in
acetylene adsorption energies at the epoxidic and pyrrolic SA sites by substituting
one of the defect heteroatoms (O or N) for C (Supplementary Fig. 29). To test the
validity of our models, we computed the simulated EXAFS spectra for the selected
structural motifs (Supplementary Fig. 15), allowing us to make a direct comparison
between experiment and theory. All computed structures can be retrieved from the
ioChem-BD database”.

Data availability

The experimental and DFT data supporting the findings of this study are accessible
at the ioChem-BD database at https://dol.org/10.19061 /iochem-bd-1-222 and
https://doi.org/10.19061 /iochem-bd-1-204, respectively™. Source data are provided
with this paper.
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Extended Data Fig. 1| Platform of carbon defects used to represent the NC and AC supports. A variety of oxygen- (hydroxyl, epoxide, keto) and nitrogen-
rich sites (pyrrolic, pyridinic, oxo-pyridinic) are considered to ensure high diversity in the available coordination motifs.
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Extended Data Fig. 2 | Comparison of formation energies of single-atom catalysts. Formation energies of a, non-chlorinated single atoms and b,
mono-chlorinated single atoms on AC and NC defects, referenced to the isolated gas-phase atom, the host containing the defect and 1/2CI2



Extended Data Fig. 3 | Metal-only dependent variables as potential activity descriptors. Physical properties of the examined metals including Pauling
electronegativity (PE, conventionally labeled y), Allred-Rochow electronegativity (ARE), first ionization potential (/E), cohesive energy (F_,), electron
affinity (EA), melting point of the metallic phase (T,,), adsorption of an isolated metal atom on pristine graphite (£,..), and the oxide decomposition
temperature (T,,). The values are normalized so that the highest/lowest correspond to one/zero in the plots. The numerical set of values is provided in
Supplementary Table 6.
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Extended Data Fig. 4 | Reaction profiles for acetylene hydrochlorination to vinyl chloride over most relevant catalysts. Reaction profiles of a,
Pt-supported single-atom species on AC and NC and the Pt(111) surface and b, AuCl single-atom species on the NC pyrrolic defect, the 4-fold coordinated
Au-4 pyridinic defect, as well as the Au(111) surface.
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Extended Data Fig. 5 | Relationship between coking and pore blockage. Linear correlation between the amount of coke deposits in the used catalysts,
determined by TGA-MS (Supplementary Fig. 26) and the decrease in the total surface area (Supplementary Table 9), indicating that the former causes

gradual pore blockage.



