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Reaction-Induced Formation of Stable Mononuclear Cu(I)Cl
Species on Carbon for Low-Footprint Vinyl Chloride
Production

Dario Faust Akl, Georgios Giannakakis, Andrea Ruiz-Ferrando, Mikhail Agrachev,
Juan D. Medrano-García, Gonzalo Guillén-Gosálbez, Gunnar Jeschke, Adam H. Clark,
Olga V. Safonova, Sharon Mitchell, Núria López, and Javier Pérez-Ramírez*

Copper catalysts are attractive candidates for Hg-free vinyl chloride monomer
(VCM) production via acetylene hydrochlorination due to their non-toxic
nature and high stability. However, the optimal architecture for Cu-based
catalysts at the nanoscale is not yet fully understood. To address this gap, the
metal precursor and the annealing temperature are modified to prepare
copper nanoparticles or single atoms, either in chlorinated or ligand-free form,
on an unmodified carbon support. Evaluation in the reaction reveals a
remarkable convergence of the performance of all materials to the stable VCM
productivity of the single-atom catalyst. In-depth characterization by advanced
microscopy, quasi in situ and operando spectroscopy, and simulations
uncover a reaction-induced formation of low-valent, single atom Cu(I)Cl site
motif, regardless of the initial nanostructure. Various surface oxygen groups
promote nanoparticle redispersion by stabilizing single-atom CuClx species.
The anchoring site structure does not strongly influence the acetylene
adsorption energy or the crucial role they play in stabilizing key reaction
intermediates. A life-cycle assessment demonstrates the potential
environmental benefits of copper catalysts over state-of-the-art alternatives.
This work contributes to a better understanding of optimal metal speciation
and highlights the sustainability of Cu-based catalysts for VCM production.
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1. Introduction

The manufacture of vinyl chloride
monomer (VCM) via acetylene hydrochlo-
rination, which accounts for 35% of global
poly(vinyl chloride) output,[1] relies on
activated carbon-supported mercuric chlo-
ride catalysts.[2,3] Given the toxicity of
the compounds emitted due to mercury
volatilization during operation,[4] the press-
ing search for alternative technologies has
prompted many research efforts, wherein
catalytic descriptors derived from observed
structure–performance relationships were
instrumental for improved material de-
sign.[5] An early example was the standard
electrode potential of late transition-metal
chlorides that placed carbon-supported gold
catalysts at the top of the initial VCM pro-
ductivity ranking, initiating extensive inves-
tigation of this metal.[2,6] The preparation of
carbon-supported AuCl3 strongly impacts
catalytic activity because it determines
whether active atomically isolated Au(I)Cl
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species or inactive Au nanoparticles form.[7] Because of the ten-
dency of Au(I)Cl species to aggregate into metallic Au nanoparti-
cles, and the subsequent drastic deactivation of the catalyst, syn-
thetic strategies were devised to stabilize atomically dispersed
gold, for example, by anchoring the metal to N-containing de-
fects introduced into the carbon support[8] or through the use of
sulfur-containing gold precursors.[2]

Concurrently, advances in characterization techniques and the
development of synthetic routes for the preparation of single-
atom catalysts (SACs)[9,10] on carbon supports enabled unprece-
dented control over the metal nuclearity, which highlighted the
limitations of the standard electrode potential as an indicator of
acetylene hydrochlorination performance, since it had not ac-
counted for the impact of the nanoscale properties. As under-
standing of these effects deepened, the acetylene binding energy
was identified as an improved descriptor for the initial catalyst
activity that considered nuclearity and speciation effects over all
noble and platinum group metals (PGM), that is, single atoms
or nanoparticles on different carbon supports.[11] The obtained
insights permitted individual tailoring of the metal nanoarchi-
tecture for each catalytic system, for example, graphene-covered
oxychloride clusters for ruthenium,[12] surface oxygen-bound iso-
lated atoms for platinum,[13] or nitrogen-anchored isolated atoms
for gold.[8] Although PGM-based catalysts often suffer from de-
activation, attributed to coking or nuclearity changes of metal
sites, the optimal choice of physicochemical properties of the car-
bon support[14] and synergistic effects in bimetallic systems (e.g.,
Au–Pt)[15] improved catalyst longevity. Nonetheless, using scarce
and expensive metals, typically exhibiting large carbon footprints,
motivates the development of more environmentally benign al-
ternatives.

As an earth-abundant metal, copper catalysts are attractive due
to the generally high stability observed in acetylene hydrochlori-
nation (Figure 1 and Table S1, Supporting Information).[16] How-
ever, they tend to exhibit lower activity compared to the best re-
ported Au-[9] and Pt-based systems,[14] prompting efforts to boost
productivity. The most common approaches included increasing
the Cu content (up to 25 wt%)[5] and introducing modifiers either
as dopants within the support or co-deposited together with cop-
per on the surface (e.g., P,[17] Cs,[18] and ionic liquids[19]), with
almost all studies using activated carbon supports. Such syn-
thetic strategies however often resulted in heterogeneous cop-
per speciation (mixed nuclearity, nonuniform composition) that
poses challenges for identifying the optimal active site structure.
Based on a comparative analysis (Figure 1 and Table S1, Support-
ing Information), the impact of the proposed promotional strate-
gies on catalyst activity and stability is unclear. Furthermore, the
influence of structural properties and their potential evolution
under reaction conditions, critical in developing active and sta-
ble PGM catalysts,[8,11-13] have not been addressed systematically.
For instance, the exclusive use of ex situ analyses to assess the
electronic state of copper may be subject to erroneous interpre-
tation due to the oxophilicity of the metal. Instead, more suit-
able characterization approaches (e.g., under in situ or operando
conditions)[20-22] are required but have not been explored thus
far (Table S1, Supporting Information). As a result, in some in-
stances, both copper nanoparticles and single atoms have been
reported to be optimal nanostructures.[23,24] Overall, the lack of
fundamental understanding of the structure and evolution of

Figure 1. a) Initial space–time yield (STY0) on a per-metal basis as a func-
tion of gas-hourly space velocity of acetylene (GHSV(C2H2)). Type and
prevalence of catalyst modifiers (in % of studies) shown in the inset and
b) activity decay rates estimated through linear approximation from the
reported performance data as a function of Cu content. The gray line cor-
responds to the state-of-the-art carbon-supported gold catalysts (AuS/AC)
shown for ref. [3] and the legend in (b) applies to (a). The green circle high-
lights the CuClSA/AC catalyst developed in this study (see below).

copper active sites at the atomic scale is a major roadblock toward
the targeted development and improvement of environmentally
benign Cu-based catalytic systems.

Here, we study copper catalysts with well-defined initial archi-
tectures (nanoparticles and single atoms of different speciation)
and relatively low metal content (1 wt%) supported on a com-
mercial activated carbon with suitable physicochemical proper-
ties for acetylene hydrochlorination.[14] Evaluation of their per-
formance in acetylene hydrochlorination reveals that the pro-
ductivity converges to a similar and stable value, among the
highest reported in the literature, irrespective of the initial cop-
per nanostructure. The dynamic catalyst evolution is uncovered
by quasi in situ and operando X-ray absorption spectroscopy
(XAS), electron paramagnetic resonance (EPR), and scanning
transmission electron microscopy (STEM) suggesting the redis-
persion of nanoparticles and transformation of single atoms into
a common structural motif. Density functional theory (DFT)
simulations indicate that the strong interaction of copper with
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Figure 2. a) (AC)-STEM images of the as-prepared and used (-u, 10 h run) copper catalysts evaluated in this work. b) STY of the Cu-based catalysts in a
10 h run. Conditions: Wcat = 0.2 g, FT = 15 cm3 min−1, T = 473 K, GHSV(C2H2) = 670 h−1, HCl:C2H2 = 1.1. The inset shows the yield of VCM during
a 100 h under industrially relevant conditions (Wcat = 1.2 g, FT = 10 cm3 min−1, T = 473 K, GHSV(C2H2) = 70 h−1, HCl:C2H2 = 1.2).[16] Color code:
carbon, gray; oxygen, red; chlorine, green; copper, orange.

common surface-oxygen groups on the carbon support origi-
nates the formation of atomically dispersed CuClx sites. DFT-
derived reaction profiles further corroborated the identification
of Cu(I)Cl as active and stable species. A quantitative life-cycle
assessment (LCA) embeds the presented CuCl(I) SAC within the
ecosystem of state-of-the-art Au- or Pt-based systems and com-
mercial mercury chloride catalysts showing that despite its mod-
erate activity, the use of earth-abundant copper can deliver tangi-
ble environmental benefits.[25]

2. Results and Discussion

2.1. Impact of Copper Nanostructure in Acetylene
Hydrochlorination

To elucidate the effect of the metal nuclearity and specia-
tion on the acetylene hydrochlorination performance, catalysts
with distinct initial copper architectures comprising chlorinated
(CuClSA/AC) or chlorine-free (CuSA/AC) single atoms, or metal
nanoparticles (CuNP/AC) were prepared by a wet impregnation
approach varying the metal precursor (i.e., chloride or nitrate)
and the annealing temperature (i.e., 473 or 873 K), respectively.
Herein, a low nominal metal content (1 wt%) was chosen to pro-
mote precise control over the initial structure. The physicochem-
ical properties of the activated carbon support, which was se-
lected based on its promising reported performance for acety-
lene hydrochlorination and activated by acid treatment to en-
sure the removal of any impurities, have been described in detail
elsewhere.[14,26] Aberration-corrected annular dark-field scanning

transmission electron microscopy (AC-STEM) images of the as-
prepared catalysts confirmed the respective presence of isolated
Cu atoms in both SACs and nanoparticles of ≈2 nm diameter
in CuNP/AC (Figure 2a). Consistently, features associated with
crystalline metal aggregates were detected in the X-ray diffrac-
tion (XRD) pattern of CuNP/AC but not in those of CuClSA/AC or
CuSA/AC (Figure S1, Supporting Information).

Ex situ analyses of the electronic properties by X-ray photo-
electron spectroscopy (XPS, Figure S2, Supporting Information)
and X-ray absorption near-edge structure (XANES, Table S2 and
Figure S3, Supporting Information) revealed a Cu(II)-like oxida-
tion state in both SACs, agreeing with previous reports.[27] Analy-
sis of the surface composition confirmed the presence or absence
of Cl in CuClSA/AC and CuSA/AC, respectively (Table S3, Sup-
porting Information). Fitting of the extended X-ray absorption
fine structure verified the exclusive coordination with support
oxygen defects, the presence of chloride ligands in CuClSA/AC,
and the absence of long-range scattering peaks characteristic
of metal aggregates (EXAFS, Figure S3 and Table S4, Sup-
porting Information). Complementary analysis by continuous
wave electron paramagnetic resonance (CW-EPR) spectra of the
CuClSA/AC sample showed typical features for spatially isolated
Cu(II) centers without broad and poorly structured peaks that
would be expected in the presence of Cu aggregates or CuO
particles (Figures S4 and S5 and Table S5, Supporting Infor-
mation). Comparatively, XANES (Figure S3, Supporting Infor-
mation) and XPS (Figure S2, Supporting Information) analysis
of CuNP/AC evidenced predominantly Cu(I) or Cu(II) character,
suggestive of partial oxidation of the copper nanoparticles due to
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exposure to air. The EXAFS (Figure S3, Supporting Information)
and (Figure S4, Supporting Information) spectra of CuNP/AC
supported the presence of surface-oxidized Cu nanoparticles.
Overall, these results confirmed the obtainment of the desired
copper nanostructures covering single atoms of distinct specia-
tion and metal nanoparticles.

The acetylene hydrochlorination performance of the cop-
per catalysts was evaluated at a higher gas-hourly space ve-
locity (GHSV(C2H2) = 670 h−1) than typically studied for Cu-
based systems to facilitate comparison with precious metal cat-
alysts (Table S1, Supporting Information).[11] The initial catalyst
space-time yield (STY0) of CuClSA/AC was similar to CuSA/AC
(47.6 gVCM h−1 gCu

−1), and both surpassed that of CuNP/AC
(Figure 2b). With progressing time on stream, both SACs dis-
played a moderate decrease in activity over the first 2 h before
equilibrating to a constant STY (42.4–43.6 gVCM h−1 gCu

−1 after
10 h). In contrast, the STY of the CuNP/AC catalyst increased
from 28.7 to 38.4 gVCM h−1 gCu

−1 in the first 6 h approaching the
activity level of the SACs.

To gain insights into the convergence of the catalytic perfor-
mance, the used catalysts were characterized by various comple-
mentary ex situ (see Figure S3 and Tables S2 and S4 and S5,
Supporting Information), and operando techniques (see be-
low). AC-STEM images of the used catalysts (CuSA/AC-u and
CuClSA/AC-u) revealed that the atomically dispersed copper
species were preserved after the reaction (Figure 2a). Compar-
atively, the Cu nanoparticles in CuNP/AC underwent an exten-
sive structural transformation into small clusters and single
atoms as illustrated by AC-STEM (Figure 2a), and corroborated
through XRD (Figure S1, Supporting Information), ex situ EX-
AFS (Figure S3, Supporting Information), and ex situ CW-EPR
spectroscopy (Figures S4 and S5, Supporting Information).

Because of the inferior activity of CuNP/AC and the limited
impact of the copper speciation on catalyst performance, we fo-
cused further assessment on CuClSA/AC. This catalyst displayed
kinetics with partial reaction orders of 0.6 and 0.2 for acetylene
and hydrogen chloride, respectively (Figure S6, Supporting In-
formation). The apparent activation energy of 32 kJ mol−1 was
well within the range of reported values for Cu,[23] but higher
than for Au-, Pt-, or Ru-based catalysts (Figure S7, Support-
ing Information).[11] For better comparison with previously re-
ported Cu catalysts, CuClSA/AC was evaluated under industri-
ally relevant catalytic conditions for non-precious metals[16] for
100 h (T = 473 K, GHSV(C2H2) = 70 h−1, HCl:C2H2 = 1.2). Al-
though the catalytic activity of CuClSA/AC was moderate com-
pared to Au and Pt SACs, its stability on stream was remarkably
high with an initial activity decay (0.1% h−1) approximately ten
times lower than state-of-the-art PGM catalysts.[13] Consequently,
coke deposition was found to be negligible over the 100 h run
(<1 wt%, Figure S8 and Table S6, Supporting Information) and
coke-related signals were absent in CW-EPR (see below). Com-
pared to previously reported Cu acetylene hydrochlorination cata-
lysts, CuClSA/AC was among the most stable, which can be partly
ascribed to the absence of Cu nanoparticles or the lack of het-
eroatom dopants in the carbon carrier that may promote sinter-
ing or coke formation, respectively (Figure 1).[28] The evaluation
of catalysts prepared following the same procedure as CuClSA/AC
but with increased metal content identified an optimal STY with
1 wt% Cu, which coincided with the maximum amount of sin-

gle atoms that could be stabilized before forming aggregates
(Figure S9, Supporting Information). This observation mirrors
the metal utilization in previously reported catalysts[5] with high
Cu contents (up to 25 wt%) not significantly improving cata-
lyst activity (Figure S8, Supporting Information). The compa-
rably high STY obtained for CuClSA/AC (Table S1, Supporting
Information) suggests that extended copper phases (particularly
CuClx) are likely spectator species in acetylene hydrochlorination
and that isolated atoms represent the active entity of the metal.

2.2. Reaction-Induced Formation of Active Sites

The detailed ex situ analysis of as-prepared and used copper cata-
lysts suggested that the convergence in the catalytic performance
was caused by the reaction-induced transformation of the Cu
nanoparticles into chlorinated single atom species (Figures S1–
S4, Supporting Information). Although well known for ruthe-
nium catalysts,[12,29] the effect of acetylene hydrochlorination
conditions on the redispersion of copper nanoparticles is not
well established, with contradicting reports on nanoparticle size
decreasing,[30] remaining constant,[17] or increasing[31] upon use.
Given the evidence for single atom active species, this would
represent a unique case, wherein active sites self-form. To gain
better insight into the dynamics of the formation of active and
stable copper species, we sought to characterize CuClSA/AC and
CuNP/AC under operando conditions.

To this end, CuClSA/AC and CuNP/AC were subjected to
operando XAS tests. During the temperature ramping and cat-
alyst drying step in helium the CuClSA/AC sample underwent
autoreduction, which reflected in a drastic change in the XANES
spectrum from Cu(II)- to Cu(I)-like, with a characteristic pre-
edge feature (Figure 3a).[32] The CuNP/AC catalyst that started
as Cu(0) remained largely unmodified during the drying step in
helium. Conversely, when exposed to the reaction mixture, the
CuNP/AC sample slowly evolved a pre-edge feature as present in
CuClSA/AC, which remained virtually unchanged in the latter cat-
alyst. The effluents of the reactor were analyzed through mass
spectrometry and revealed that both catalysts formed VCM when
exposed to the reaction mixture (Figure 3b,c). The EXAFS spec-
trum of CuClSA/AC under reaction conditions was similar to the
catalyst after drying in helium and remained virtually unaltered
over time (Figure 3d). The coordination numbers derived from
EXAFS spectral fittings at selected points in time (Figures S10
and S11 and Tables S7 and S8, Supporting Information), corrob-
orated that the Cu SAC changed most extensively during drying
in helium, while when exposed to the reaction mixture the coor-
dination to Cl and O remained largely constant (Figure 3e). In-
terestingly, the CuNP/AC catalyst exhibited a decrease in Cu–Cu
path intensity (expressed as CNCu–Cu) with a concurrent increase
in a feature assigned to scattering with Cl or O (Figure 3f).

The abovementioned trends were readily captured when con-
ducting XAS analysis under quasi in situ conditions, wherein the
catalyst samples were isolated and transferred using standard air-
free techniques (Figures S12 and S13, Supporting Information).
Notably, the redispersion in quasi in situ experiments was more
extensive as evidenced by the disappearance of Cu–Cu scatter-
ing, likely due to the higher reactant concentration in the labora-
tory reactor. In accordance with operando XANES, the quasi in
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Figure 3. a) Operando Cu K-edge XANES spectra of the Cu-based catalysts during the heating ramp (left) and under reaction conditions (right) with
time on stream (tos). Conditions left: Wcat = 0.013 g, heating rate 5 K min−1, T = 473 K, dwell time 30 min in He. Conditions right: Wcat = 0.013 g,
FT = 65 cm3 min−1, T= 473 K, GHSV(C2H2)= 1200 h−1, HCl:C2H2 = 1.1. b,c) Online mass spectrometry signals of acetylene hydrochlorination reactants
and products with tos for CuClSA/AC (b) and CuNP/AC (c). The color code in (b) also applies to (c). d) Fourier-transformed EXAFS spectra of Cu-based
catalysts under reaction conditions corresponding to the spectra in the right panel of (a). Regions of Cu–O, Cu–Cl, and Cu–Cu are highlighted with
gray lines and reference spectra are shown underneath. e,f) EXAFS-derived coordination numbers (CN) for CuClSA/AC (e) and CuNP/AC (f) (detailed
parameters indicated in Tables S7 and S8, Supporting Information). The gas compositions shown in inset refer to the values indicated above, except
for measurements in helium, which were conducted at 303 K. g) Ex situ CW-EPR spectra (quasi in situ where indicated, see Figure S5, Supporting
Information, for detailed fitting) of the Cu-based catalysts.
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situ CW-EPR spectrum of CuClSA/AC-u confirmed the absence
of isolated Cu(II), while Cu(I) is invisible to the technique; the
observed spectral features were attributed to magnetically iso-
lated and dipole-coupled Cu(0) centers (Figure 3g). Remarkably,
quasi in situ spectra of CuNP/AC-u displayed no contributions as-
signed to nanoparticles while a prominent signal (g = 2.003) cor-
responding to carbon-centered radicals present in carbonaceous
deposits appeared.[33] The absence of this signal in the CW-EPR
spectrum of CuClSA/AC-u together with the results of thermo-
gravimetric analysis (TGA, Figure S9, Supporting Information)
and sorption measurements (Table S6, Supporting Information)
evidenced the resistance of the catalyst toward coke-forming reac-
tions, supporting the stability of the atomically disperse architec-
ture in acetylene hydrochlorination. Notably, the convergence in
the EXAFS and CW-EPR spectra of CuNP/AC-u and CuClSA/AC-
u underpinned the transformation of the distinct initial copper
architectures (nanoparticles and isolated atoms) into a common
structural motif.

The observations derived from operando and quasi in situ
techniques revealed that considerable challenges arise in ac-
curately characterizing the atomic-level structure of Cu active
species in reported catalysts due to: (i) the complex nanoscale spe-
ciation of the employed catalytic materials and (ii) a lack of in situ
characterization of the catalysts (Table S1, Supporting Informa-
tion). Previously, the activity of Cu-based catalyst was attributed
to Cu(II),[23,34] or mixed-valence Cu(I)/Cu(II) sites[17,31,35] based
on the correlation of higher abundance of cationic Cu in the as-
prepared and used catalysts (ex situ analysis) with improved cat-
alytic activity. Such assignment can have consequences in theo-
retically derived reaction profiles that assume the CuCl2 struc-
ture of the precursor is retained in the working catalyst.[23] Our
results confirmed that the assignment of oxidation states based
on ex situ XPS and XAS measurements is not representative. Ad-
ditionally, operando XAS analysis showed definitive proof of the
formation of Cu(I)Cl species during reaction from the atomically
isolated and nanoparticle initial architectures. Further, we show
that the insights derived from operando analysis were paralleled
by the more accessible quasi in situ conditions, demonstrating
that the latter can also provide illustrative insights. Despite recent
efforts to control metal nanostructure,[23,36] the qualitative assess-
ment of size effects in prior work concludes that the aggregation
of Cu(II)/Cu(I) to Cu(0) nanoparticles is detrimental to catalyst
activity,[17,18] but the reaction-induced redispersion of Cu(0) was
not considered. One reason for the preclusion of structural dy-
namics in previous work might be the high copper contents em-
ployed, which are likely to lead to full saturation of the anchor-
ing sites and potentially mask redispersion processes that would
occur otherwise. As a consequence of the high copper contents,
metal nanoparticles were reported to grow.[31] The nanoparticle
redispersion observed herein supports the use of more simplistic
catalyst compositions to address the dynamism at a fundamental
level.

2.3. Molecular-Level Insights into the Restructuring and
Reactivity

Aiming to obtain insights into the formation and stability of
single atom species as the relevant active entity of the metal,

DFT simulations were conducted. Despite growing understand-
ing of the importance of coordination site structures and their
uniformity in SAC carriers, previous studies on Cu-based cata-
lysts have not considered the interaction of the metal species with
carbon supports.[23,30] Here, we considered the diverse structures
of oxygen-containing anchoring sites known to exist in activated
carbons when constructing the structural models (Figure S14,
Supporting Information).[14,26] The local environment of the an-
chored metal atoms was investigated by simulating the adsorp-
tion and dechlorination of CuCl2 at 473 K (Figures S15 and S16
and Table S9, Supporting Information). Over most defects, the
mono- (CuCl) and dichlorinated (CuCl2) metal sites were the en-
ergetically preferred structures with small differences (0.3 eV) in
the free enthalpy of formation, Gform. The subsequent step to ei-
ther ligand-free Cu or dimeric Cu2Cl2 species was endergonic (in
the range of 0.2–2.0 eV with respect to CuCl) over most of the
sites, except for tetraketonic defects (keto4). Besides, these simu-
lations could be represented in terms of the stability (quantified
with Estab) of the distinct single atom species compared against
the bulk cohesive energy, that is, the driving force for aggrega-
tion (Figure 4a and Table S10, Supporting Information). Accord-
ingly, the bulk cohesive energy superseded single atom stabiliza-
tion for Cu2Cl2 and Cu for most oxygen anchoring sites, reveal-
ing that these structures were difficult to generate and inferior in
terms of stability. For CuCl2 and CuCl instead, dispersed atoms
were thermodynamically preferred, indicating a clear tendency
for Cu stabilization as chlorinated atoms (CuCl or CuCl2) over
most defects. The stability trends reflected in the Bader charge
analysis (Table S9, Supporting Information) and core-level shifts
(CLS, Figure S16, Supporting Information) were derived from
the structural models. Experimental evidence of the CuClSA/AC
catalyst obtained from operando EXAFS spectra supported the
presence of both CuCl and CuCl2 (Figure 3b and Figure S12, Sup-
porting Information), and ex situ CW-EPR pointed to epo2- and
keto4-like geometries (Figure S5 and Table S5, Supporting Infor-
mation), thus confining the set of relevant structure models fur-
ther. On the basis of combined experimental and theoretical evi-
dence, we focus our analysis on epo2-bound, chlorinated copper
atoms (CuCl/epo2).

Considering the reaction-induced redispersion of Cu nanopar-
ticles, and the distinct affinity of surface oxygen species on car-
bon toward chlorinated Cu atoms, we assessed the redispersibil-
ity of Cu nanoparticles by computing the disintegration Gibbs
free energy, ΔGdis, following the energetic formalism of Ouyang
and co-workers.[37] The calculation of ΔGdis involves the average
energetics of the aggregates of Cu (CuNP) or CuOCl (CuOClNP,
Table S11, Supporting Information) and the formation energy of
the single atom species (CuCl and CuCl2) on each of the AC cav-
ities (Figure S17, Supporting Information). The formation and
stabilization of isolated CuClx superseded the energetic cost for
breaking metal–metal bonds in a metallic Cu nanoparticle (CuNP)
for all defects considered within (−1.7 to−0.2 eV, Figure 4b). Sub-
sequent dechlorination into bare copper atoms was not favored
(Figure 4c). When considering a redispersion route starting from
oxychloride nanoparticles (CuOClNP), such as hypothesized for
Ru,[29] the stabilization of single atom species was endergonic
in all cases (0.2–1.0 eV). Since CuOClNP is more stable, its dis-
integration is less likely than for the reduced phase (Table S12,
Supporting Information); quasi in situ and operando XAS

Adv. Mater. 2023, 35, 2211464 2211464 (6 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) Stability of low nuclearity CuxCly (x = 1–2, y = 0–2, example structures shown in the inset) species anchored on oxygen-containing defects in
the support (selected structures shown underneath) expressed in terms of the formation energy, Estab. The dashed symbols represent regimes where the
species are thermodynamically unstable, as quantified by the cohesive energy, Ecoh. Defect codes: epo, monoepoxide; epo2, diepoxide; keto2, diketone;
keto4, tetraketone; edge, edge carbonyl (all structures are shown in Figure S10, Supporting Information). b) Free Gibbs enthalpy of disintegration, ΔGdis,
of CuNP and CuOClNP with different radius, rNP, into single atom species anchored on epo2 defects. c) Scheme of the disintegration routes represented
in (b) (full details in Figure S13 and Table S9, Supporting Information). Color code for structures: C, gray; O, red; Cl, green; Cu, orange.

confirmed that the formation of metallic Cu preceded nanoparti-
cle redispersion under reaction conditions.

To assess the activity of all possible metal sites in CuClSA/AC,
we computed the adsorption energy of acetylene, Eads(C2H2),
which was previously identified as an activity descriptor.[11] This
metric was closely related to the stability of the site structure as
quantified by Estab. For ligand-free Cu single atoms, Cu/epo2 had
the most favorable combination of Eads(C2H2) and high Estab
(Figure 5a and Table S13, Supporting Information). Notably, all
CuCl structures displayed narrowly distributed and more posi-
tive (i.e., less beneficial) values for Eads (C2H2) than for configura-
tions with ligand-free Cu. Since the results suggest that a distinc-
tion between different CuCl structures is unlikely to affect site
activity significantly and based on experimental evidence from
ex situ CW-EPR and operando EXAFS spectroscopy, CuCl/epo2-
b (bidentate configuration) was chosen as a stable and repre-
sentative proxy of the active sites. The reaction profile over the
identified active site (CuCl/epo2-b) involved the endergonic in-
sertion of acetylene into the Cu–Cl bond first (R1 in Figure 5b
and Figure S18 and Table S14, Supporting Information), driven
by the subsequent activation of HCl releasing ≈0.2 eV (R2). The
splitting of HCl occurred under the participation of the carbon

scaffold (intermediate C2H2(Cl)–H–Cl) and preceded the rate-
limiting proton transfer step (R3) before releasing C2H3Cl and
favorably regenerating CuCl (−0.9 eV). Except for minor differ-
ences, CuCl species followed previously reported mechanisms
of acetylene hydrochlorination over precious-metal SACs.[11,13]

Combined DFT, in-depth characterization, and performance data
indicates that the active site is composed of mononuclear Cu(I)Cl
species stabilized on surface-oxygen functionalities, likely di-
epoxide defects, of the carbon support.

2.4. Life-Cycle Assessment of Acetylene Hydrochlorination
Catalysts

Our results confirmed the structural origin of the unparal-
leled stability of carbon-supported copper SACs in acetylene hy-
drochlorination, but their productivity remains limited compared
to precious metal-based alternatives. Thus, it is unclear whether
the benefits of using earth-abundant metals will outweigh the
use of carbon-intensive precious metals. LCA analysis bridges the
molecular and process levels, providing a comprehensive picture
of the environmental performance of catalytic systems based on

Adv. Mater. 2023, 35, 2211464 2211464 (7 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. a) Acetylene adsorption energy, Eads(C2H2), as a function of SAC stability, Estab. Mono- (-m) and bi- (-b) dentate anchoring configurations
over the epo2 defect were considered separately. b) Profile of the Gibbs free reaction enthalpy, Grx, of acetylene hydrochlorination over a CuCl/epo2 site,
chosen as representative and stable configuration of the active site. Reactant configurations involved in key reaction steps are schematically shown inset
(all steps in Figure S14, Supporting Information). Color code for structures: C, gray; O, red; Cl, green; Cu, orange.

their activity, stability, and the sourcing of their starting materi-
als, helping to elucidate the extent to which novel technologies
are greener.[25,38] However, a comparison of acetylene hydrochlo-
rination catalysts is lacking. To this end, we evaluated the im-
pact of state-of-the-art acetylene hydrochlorination benchmarks
(i.e., AuS/AC,[2] PtSA/AC,[13] and CuClSA/AC) with respect to the
commercially applied HgCl2/AC catalyst using LCA (parame-
ters in Tables S15 and S16, Supporting Information). To address
the multidimensionality of sustainability aspects, we evaluated
the impact categories global warming potential (GWP), human
health, ecosystems quality, and resource scarcity. We based our
analysis on the carbon footprint associated with the catalytically
active metal employed; a key determinant of catalyst footprint
(Figure 6a).[25] For example, the scarcity of gold and platinum
results in a high GWP of 28 and 16 tonsCO2-eq kgAu

−1, respec-
tively, while the low footprint of copper (9 kgCO2-eq kgCu

−1) bears
potential for low-footprint acetylene hydrochlorination catalysts.
Across all impact categories analyzed, the HgCl2/AC catalyst re-
vealed the largest footprint of all systems (Figure 6b), which was
mainly caused by the loss of mercury through volatilization.[2,14]

In particular, volatile Hg emissions increased the impact on hu-
man health and ecosystems quality categories by two orders of
magnitude compared to PtSA/AC and AuS/AC catalysts. Com-
pared to HgCl2/AC, the sustainability metrics of AuS/AC and
PtSA/AC improved in all categories and were in the same order
of magnitude for both metals. Catalysts based on these metals
are environmentally beneficial because they achieve high VCM
productivities (in kgVCM kgcat

−1, see Table S15, Supporting In-
formation) and eliminate the issues associated with mercury
volatilization. Still, the LCA-derived metrics of CuClSA/AC were
almost two orders of magnitude lower than those of AuS/AC and
PtSA/AC. Compared to other previously reported copper catalysts
(Table S16, Supporting Information), CuClSA/AC displayed one
of the lowest carbon footprints with a particularly low impact con-
tribution of copper, demonstrating the relevance of our simpli-
fied modifier-free and low metal content approach to catalyst de-
sign (Figure S19, Supporting Information).

Figure 6. a) Carbon footprint associated with the sourcing of most rele-
vant catalytic transition metals expressed in terms of global warming po-
tential (GWP in kg of CO2 equivalents).[44] b) LCA-derived midpoints in
GWP and endpoints in human health (HH in disability-adjusted life years,
DALY), ecosystems quality (EQ in species years), and resource scarcity
(RS in US dollars) for best-performing copper catalysts compared to state-
of-the-art gold[2] and platinum systems,[11] and the commercially applied
mercury chloride catalyst.[2]

Adv. Mater. 2023, 35, 2211464 2211464 (8 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Researchers frequently choose catalytic systems offering max-
imal productivity as an essential step for implementing new
processes. Although adapting catalyst synthesis may allow for
the use of greener solvents[15] and the selection and modifica-
tion of the carbon support may improve catalyst longevity[14]

and anchoring site density,[39] this study clearly shows the pri-
ority for sustainable VCM production stems from the choice
of earth-abundant metals providing moderate but stable activ-
ity. The sustainability footprint of copper metal is extremely fa-
vored compared to mercury-based systems used in industry or
precious metal-based alternatives extensively studied in the liter-
ature. This conclusion prompts a paradigm shift toward priori-
tizing sustainability metrics as the main driver in catalytic pro-
cess design. Building on the fundamental understanding of Cu-
catalyzed acetylene hydrochlorination, future efforts should fo-
cus on improving the efficiency of copper catalysts. Fortunately,
previous work has shown the potential of diverse promotion
strategies,[23,40] which may hold promise if critically re-evaluated
under close consideration of the dynamic evolution of optimized
nanostructures and the environmental footprint.

3. Conclusions

We have explored the optimal nanostructure of carbon-supported
copper species, which have recently emerged as stable cata-
lysts for acetylene hydrochlorination by studying systems with
controlled nuclearity and speciation. Detailed characterization
revealed that independent of the initial catalyst architecture,
reaction-induced restructuring led to the formation of atomi-
cally dispersed copper species coordinated to oxygen defects in
the support, resulting in a convergence in the STY and simi-
lar stable performance. Importantly, operando techniques pro-
vided unambiguous evidence for the autoreduction of the SAC to
Cu(I)Cl prior to the reaction, while copper nanoparticles under-
went continuous evolution under reaction conditions. DFT cal-
culations highlighted the stability of chlorinated single atoms of
Cu across distinct anchoring sites that acted as a driving force
for nanoparticle redispersion. The identity of the oxygen defect
structure did not impact the acetylene adsorption energy and
the key role of the support in stabilizing key intermediates (e.g.,
C2H2(Cl)–H–Cl) in the catalytic cycle. Using optimal metal con-
tents and adapted reaction conditions, we demonstrated the po-
tential for stable performance for over 100 h with one of the high-
est reported productivities for copper on a per-metal basis.

Although less active than state-of-the-art Au- or Pt-based sys-
tems, LCA-derived metrics indicated that Cu SACs have the po-
tential to substantially improve the catalyst footprint in VCM pro-
duction by up to two orders of magnitude, emphasizing the value
of focusing on catalysts based on earth-abundant metals. Fur-
thermore, our modifier-free, low metal content catalyst improves
over the environmental impact of previously reported copper
catalysts. Together with the sustainability analysis, the in-depth
understanding of reaction-induced structural dynamics and ac-
tive site formation mechanism represents an opportunity to re-
visit known modifiers and their interaction with atomically dis-
persed Cu for improved catalyst performance. In covering aspects
from atomic-scale catalyst design to precise characterization and
metrics-based process impact analysis, this work represents an

example of how catalyst engineering across scales could improve
the sustainability of chemical manufacturing.

4. Experimental Section
Catalyst Synthesis: Activated carbon (AC, Norit Rox 0.8, Cabot Corp.,

0.4–0.6 mm particle size) was purified by stirring in an aqueous nitric
acid solution (1 m, 40 cm3 gAC

−1, puriss., Sigma-Aldrich) for 30 min, fol-
lowed by thorough washing with deionized water, and drying (338 K). For
the synthesis of the chlorinated single-atom catalyst (SAC), CuClSA/AC,
CuCl2·2H2O (99.99%, abcr) corresponding to a nominal content of 1 wt%
was dissolved in ethanol (1.5 cm3 gAC

−1, 99.8%, Sigma-Aldrich), de-
posited dropwise onto the purified AC, and dried overnight (338 K). Sub-
sequently, the powder was annealed in a static N2 atmosphere (473 K, 3 h
hold, 5 K min−1 ramp). This standard procedure was adapted to obtain the
chlorine-free SAC CuSA/AC by replacing CuCl2·2H2O with the appropriate
amount of Cu(NO3)2·3H2O (puriss., Sigma-Aldrich). To obtain a catalyst
containing metallic nanoparticles (CuNP/AC) the annealing procedure was
conducted in a tubular oven under nitrogen flow at an elevated tempera-
ture (873 K, 3 h hold, 5 K min−1 ramp). For reference purposes, catalysts
with different nominal Cu content (0.5, 2, and 5 wt%) were prepared, fol-
lowing the same procedure for CuClSA/AC.

Catalyst Characterization: Powder X-ray diffractograms were acquired
in a PANalytical X’Pert PRO-MPD instrument (Bragg–Brentano geometry)
using a Ni-filtered Cu K𝛼 source. Data were collected at 2𝜃 in the range of
3–70° with a step size of 0.08° and a collection time of 162 s.

For electron microscopy, the catalyst samples were dusted onto stan-
dard carbon-film nickel grids (300 mesh). High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) was per-
formed on an FEI Talos F200X microscope (200 kV acceleration po-
tential). Aberration-corrected HAADF-STEM images were acquired on a
Hitachi HD-2700CS instrument operated at 200 kV. Image frames of
1024 × 1024 px were acquired with 15 μs dwell time.

XPS was conducted on a Physical Electronics Instruments Quantum
2000 instrument with monochromatic Al K𝛼 radiation (15 kV, 32.3 W). Due
to instrumental limitations, sample introduction required intermediate ex-
posure to air, which was known to cause oxidation of copper.[41] The spec-
tral acquisition occurred under ultrahigh vacuum conditions (5 × 10−8 Pa
residual pressure) with a pass energy of 46.95 eV. All XPS signals were
referenced using the aliphatic peak in the C 1s photoemission which was
set at 284.8 eV. Due to a lack of suited reference materials and the low
representativity of ex situ analyses, data analysis was conducted using a
simplified estimation of the Auger parameter. To this end, the Auger pa-
rameters of the calibrated spectra were determined manually according to
the standard procedure using the CasaXPS software.[42]

XAS measurements were conducted at the X10DA (SuperXAS) beam-
line of the Swiss Light Source.[43] The X-ray beam from the 2.9 T super-
bend was collimated using a Si-coated mirror at 2.9 mrad, monochroma-
tized using a liquid nitrogen cooled Si(111) channel-cut monochromator,
and focused to a spot size of 1000 × 200 μm (horizontal × vertical) using
a Rh-coated toroidal double focusing mirror. Quick XAS data were mea-
sured using 1 Hz monochromator oscillations for 2 min and averaged.
X-ray damage was checked on a 5 s time scale and excluded. Data were ac-
quired from pressed pellets at the Cu K-edge in transmission mode, using
three 15 cm long N2-filled ionization chambers. Additional samples were
prepared under the exclusion of air to allow for a quasi in situ investigation
of the catalysts. To this end, catalysts samples before (dried at 473 K, 3 h
in flowing He) and after catalytic tests (10 h under standard conditions,
see below) were transferred into quartz glass capillaries (1 mm outer di-
ameter, 0.01 mm wall thickness, 80 mm length, Hilgenberg GmbH) and
sealed in an inert atmosphere. The samples were placed between the first
and the second ionization chamber and measured in fluorescence mode
using a passivated implanted planar silicon diode detector.[44] Transmis-
sion geometry configuration was used for the analysis under operando
conditions, wherein a dilute reaction mixture (FT = 65 cm3 STP min−1,
0.91 vol% C2H2, 1 vol% HCl, rest Ar) was fed into a quartz capillary filled
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with the catalyst sample (Wcat = 13 mg) at atmospheric pressure. The cat-
alyst was heated using two heating cartridges placed above and below the
capillary and controlled with a thermocouple placed in the middle of the
catalyst bed. Gaseous effluents were analyzed using a mass spectrome-
ter (Pfeiffer Vacuum ThermoStar GSD T1); due to the corrosive nature of
the reactants the mass spectrometry scans were intermittently stopped.
For the absolute energy calibration, a metallic Cu foil was measured si-
multaneously between the second and third ionization chambers. The re-
sulting spectra were energy calibrated, background corrected, and normal-
ized using ProQEXAFS software[45] available at SuperXAS and the Athena
program from the Demeter software suite.[46] The XANES of the ex situ
samples was analyzed through linear combination fitting of the sample
spectra with reference compounds using the Athena program (Table S2,
Supporting Information). EXAFS spectral fitting was performed using the
Artemis program applying the parameters described in Table S4, Support-
ing Information.[46]

CW-EPR spectroscopy experiments were performed on a Bruker Elexsys
E500 spectrometer equipped with an Oxford helium (ESR900) cryostat op-
erating at X-band frequencies (9.4 GHz) using a ER4122SHQE Bruker EPR
Resonator. CW-EPR spectra were acquired at 40 K and a microwave power
of 2.002 mW (power attenuation 20 dB). For detection, a magnetic field
modulation of 0.3 mT and 100 kHz was applied, and the modulated signal
was amplified by a lock-in amplifier (conversion time 655.36 ms, time con-
stant 163.84 ms), sweeping the magnetic field with a center field 300 mT
and sweep width of 590 mT. All measured g factors were offset-corrected
against a known standard (i.e., free radical 1,1-diphenyl-2-picrylhydrazyl).
The spectra were simulated using the Easyspin package.

TGA was carried out in a Linseis STA PT 1600 instrument using an alu-
mina crucible. The sample (≈20 mg) was dried (373 K, 1 h) and subse-
quently heated to 1273 K (heating ramp 10 K min−1) in a dilute oxygen
atmosphere (300 cm3 min−1, 6.6 vol% O2 in Ar). On-line effluent analysis
of gaseous products (CO and CO2) was conducted using a mass spec-
trometer (Pfeiffer Vacuum ThermoStar GSD T1).

Argon sorption was performed on a Micromeritics 3Flex analyzer. Cat-
alyst samples were degassed for 10 h at 473 K (0.1 mbar) before being
subjected to analysis at 77 K.

Catalyst Evaluation: The hydrochlorination of acetylene was studied
at atmospheric pressure in a continuous-flow fixed-bed microreactor re-
ported elsewhere.[11,13,14] In short, the gases C2H2 (PanGas, purity 2.6),
HCl (Air Liquide, purity 2.8, anhydrous), Ar (PanGas, purity 5.0, internal
standard), and He (PanGas, purity 5.0) were mixed into a gas feed us-
ing mass-flow controllers. The catalyst (Wcat = 0.2 g) was suspended be-
tween quartz wool pads in a tubular quartz reactor (10 mm inner diame-
ter) and placed in an electrical oven. The temperature was controlled by
a thermocouple located in a quartz thermowell with the tip positioned in
the center of the catalyst bed. First, the catalyst was heated in flowing He
(T = 473 K, 30 min, ≈10 K min−1) before exposure to the reaction mix-
ture (FT = 15 cm3 STP min−1, 40 vol% C2H2, 44 vol% HCl, and 16 vol%
Ar, GHSV(C2H2) = 670 h−1). Stability tests (100 h) were conducted under
industrially relevant conditions (Wcat = 1.2 g, FT = 10 cm3 STP min−1,
38 vol% C2H2, 46 vol% HCl, 16 vol% Ar, GHSV(C2H2) = 70 h−1,
T = 473 K). Carbon-containing compounds (C2H2 and C2H3Cl) and Ar
were quantified on-line via a gas chromatograph equipped with a GS-
Carbon PLOT column coupled to a mass spectrometer (Agilent, GC 7890B,
Agilent MSD 5977 A). Since VCM was the only product detected in all the
tests, the catalytic activity was presented as the yield of VCM (Y) calcu-
lated according to Equation (1), where nout(VCM) and nin(C2H2) repre-
sented the respective molar flows of VCM and C2H2 at the reactor outlet
and inlet.

Y =
nout(VCM)
nin(C2H2)

× 100% (1)

The STY of VCM was determined with Equation (2) with M(VCM) the
molar mass of VCM and wB(Cu) the bulk Cu content (in wt%).

STY =
nout(VCM)

Wcat × wB(Cu)
× M(VCM) (2)

The error of the carbon balance 𝜖, determined using Equation (3),

𝜀 =
nin(C2H2) − nout(VCM) − nout(C2H2)

nin(C2H2)
× 100 (3)

was less than 5% in all experiments. After the tests, the reactor was
quenched to room temperature in He flow and the catalytic materials were
retrieved for further characterization.

Computational Methods: All DFT calculations were performed using
the Vienna Ab initio Simulation Package (VASP).[47,48] The generalized
gradient approximation of the Perdew–Burke–Ernzerhof functional[49] was
used to obtain the exchange-correlation energies with dispersion contri-
butions introduced via Grimme’s DFT-D3 approach.[50] Projector aug-
mented wave[51,52] and plane waves with a cut-off energy of 450 eV, with
spin polarization allowed when needed, were chosen to represent the inner
electrons and the valence monoelectronic states, respectively. A vacuum
region between slabs of at least 12 Å and a dipole correction along the
z-axis were employed for all slab models.[53] For all investigated systems,
structures were relaxed using convergence criteria of 10−4 and 10−5 eV for
the ionic and electronic steps, respectively.

The structural parameters (Table S5, Supporting Information) for the
analysis of experimental CW-EPR spectra were determined with Kohn–
Sham DFT, using a B3LYP functional with a spin-unrestricted shell and
a DGTZVP basis set in the Gaussian and Orca software.

To describe the extensive phase space of chemical environments in
AC,[13] a set of five cavities was constructed for the simulation of the
AC support, comprising slabs (6 × 6) of graphitic carbon with mono-
to tetra-coordinated configurations with epoxide and carbonyl functional-
ities: (i) monoepoxide (epo), (ii) diepoxide (epo2), (iii) di-ketone (keto2),
(iv) tetraketone (keto4), and (v) edge carbonyl (edge) cavities (Figure S14,
Supporting Information).

Single-atom catalysts were modeled by placing CuClx (x= 0–2) moieties
at the center of the distinct AC cavities, with subsequent removal of chlo-
rine to the gas-phase reservoir, and the Bader charges and CLS (Table S9,
Supporting Information) of the resulting species were calculated. Entropic
contributions from Cl2 were considered. Gas-phase molecules were opti-
mized in a box of 15.0 × 15.5 × 16.0 Å3.

To model nanoparticle disintegration, the energetic formalism of
Ouyang and co-workers was adapted.[37] The feasibility of the process
could be described by the Gibbs free energy of disintegration, ΔGdis, as
quantified with Equation (4)

ΔGdis(rNP, T, P) = Estab − xΔ𝜇HCl(T, P) − ΔENP(rNP) (4)

wherein the energy of removing a Cu atom from a nanoparticle with radius
rNP is expressed as ΔENP(rNP) and balanced with the formation energy
of adsorbed CuClx (x = 1–2) species (quantified by Estab, Table S10, Sup-
porting Information) and a chemical potential term, Δμ(T,P) (−0.34 eV at
473 K and 0.44 bar HCl). Configurational entropic contributions were not
included in the model due to the difficulty in assessing the precise com-
position and distribution of sites in AC. The Gibbs free energy of disinte-
gration was calculated both for Cu and CuClO nanoparticles, to account
for the potential oxychlorination of Cu phases under reaction conditions.
Three different routes for disintegration were considered, corresponding
to the formation CuCl and CuCl2 (Table S9, Supporting Information).

The value of ΔENP(rNP) was computed with Equation (5) for structures
of Cu and CuClO, where Ω corresponds to the molar volume of the bulk
structure, fi to the ratio of exposed facets, 𝛾 i to the surface energies of
the respective facets, and 𝜃HCl to the surface coverage with HCl (Table S8,
Supporting Information).

ΔENP(r) =
3Ω ⋅

∑
i fi𝛾i(𝜃HCl)

R
(5)

The molar volume was found to be 11.36 Å atom−1 for Cu and 54.10 Å
per formula unit of CuClO. To model Cu nanoparticles, (4 × 4) slabs of
three low-Miller-index planes, (111), (110), and (100) were simulated. The
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(111) and (100) facets were modeled with four atomic layers, and the
(110) facet was constructed with eight atomic layers. The (001) facet of
the orthorhombic oxychlorinated phase of Cu (CuClO) was modeled with
two layers of CuClO. The crystal morphology model for the Wulff construc-
tion was created using VESTA (v4.5.0). The shapes were described as a
function of surface energies and the symmetry point group of the nanopar-
ticle.

In all nanoparticle models, the half-bottom layers were kept fixed to the
bulk configuration, while the half-upper ones were fully relaxed. The inter-
action of the metal particles with HCl was only considered for Cu phases
at two different coverages (𝜃HCl = 0.125–0.5 ML), as it was assumed that
the surface energy of CuClO, where the Cu atoms were fully coordinated,
would not experience significant differences when considering the interac-
tion with HCl. Surface interactions with C2H2 did not result in mobile Cu
fragments and hence were not considered here.

The Brillouin zone for all models was sampled through a gamma-
centered grid of 3 × 3 × 1 of k-points except for CuClO, where a gamma-
centered grid of 2× 2× 1 k-points was employed instead. All the structures
presented in this work were uploaded to the ioChem-BD database.[54,55]

Life-Cycle Assessment: The environmental impact of each type of cata-
lyst was determined via LCA following the ISO 14040/44 framework with
the functional unit being the amount of catalyst required to produce 1 kg
of VCM (kgVCM

−1). The life-cycle inventory calculations were implemented
in SimaPro (v.9.2.0.2), combining data from the foreground (catalyst) and
background systems (all the activities connected to the foreground), which
include feedstock, emissions, and waste associated with the catalyst, un-
der the assumption that the metal contained in the catalyst was the main
contributor toward its total impact. In the case of the HgCl2/AC catalyst,
the Hg emissions associated with catalyst use were also considered.[4]

The background data were retrieved from Ecoinvent (v3.5), using the allo-
cation at the point of substitution system model version of the database,
based on an attributional approach and selecting the global markets for
the metals.[56] The impact of phosphorus- and nitrogen-containing mod-
ifiers was approximated through the use of data for phosphorus trichlo-
ride and N,N-dimethyl formamide, as representative proxies. The required
quantity of catalyst (foreground system) was calculated based on literature
and experimental data (Tables S15 and S16, Supporting Information). The
background system included all upstream activities related to producing
the active metal contained in the catalyst. Finally, the life cycle impact as-
sessment phase was carried out following the ReCiPe 2016 method (v1.03)
implemented in SimaPro.[57]

Statistical Analysis: The relative error for all catalytic tests was con-
trolled through three independent measurements. Because the standard
deviation was below the size of the employed symbols, error bars were
omitted to improve visibility. Unless otherwise specified in the methods
section, the displayed characterization data represented raw data based
on one measurement. The use of proprietary software packages for dedi-
cated data analysis was indicated where used and fitted parameters (e.g.,
for XANES and EXAFS) were reported together with the relevant metric for
uncertainty. All fittings were made available together with the raw data.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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