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Catalytic Synergies in Bimetallic RuPt Single–Atom 
Catalysts via Speciation Control
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Bimetallic single–atom catalysts (b–SACs) have recently gained prominence 
by virtue of the unique catalytic cooperative interactions they can exhibit, 
intertwining electronic and geometric effects. To date, research efforts have 
exclusively focused on direct mechanisms such as electron density transfer or 
sequential reactivity. Herein, the first study on indirect, coordination–induced 
catalytic synergies in carbon-supported RuPt SACs is conducted. To this 
end, a holistic approach is developed, combining i) precision synthesis, 
ii) advanced characterization, iii) exploration of single–site adsorption proper-
ties via the hydrogen evolution reaction, and iv) modeling through density 
functional theory. Despite the lack of both intermetallic coordination in the 
first or second shell and charge redistribution effects, the RuPt SACs exhibit 
a H2 formation rate enhanced up to 15–fold compared with their monome-
tallic counterparts. To unfold the origin of the intermetallic cooperativity, 
modifications of the structural and catalytic properties induced by the integra-
tion of a second metal species are investigated. Thus, Pt atoms are found 
to selectively occupy the most energeticallyfavorable cavities in the support, 
prompting Ru atoms to assume a distinct, more active, configuration. This 
contribution unveils a novel principle of bimetallic cooperativity, demon-
strating the key role of integrative experimental and computational analyses 
in studying b–SACs.

DOI: 10.1002/adfm.202206513

V. Giulimondi, S. K. Kaiser, F. Krumeich, A. J. Martín, J. Pérez–Ramírez
Institute for Chemical and Bioengineering
Department of Chemistry and Applied Biosciences
ETH Zurich
Vladimir–Prelog–Weg 1, 8093 Zurich, Switzerland
E-mail: jpr@chem.ethz.ch

A. Ruiz–Ferrando
Departament de Química Física i Inorgànica
Universitat Rovira i Virgili
Marcel·lí Domingo s/n, 43007 Tarragona, Spain
A. Ruiz–Ferrando, N. López
Institute of Chemical Research of Catalonia (ICIQ)
The Barcelona Institute of Science and Technology
Av. Països Catalans 16, 43007 Tarragona, Spain
E-mail: nlopez@iciq.es
A. H. Clark
Paul Scherrer Institute
5232 Villigen PSI, Switzerland

applications.[1,2] Nevertheless, single–
metal sites present intrinsic limitations 
in their catalytic properties originating 
from the finite variety of chemical states 
that they can assume through coordina-
tion with functionalities in the support. To 
overcome this, the integration of a second 
metal species in the host has emerged as 
a compelling strategy to further expand 
the spectrum of SAC catalytic proper-
ties.[3–6] By virtue of metal–metal interac-
tions, this novel class of materials, herein 
defined as bimetallic SACs (b–SACs), has 
demonstrated enhanced activity, tunable 
product selectivity, and superior durability 
for a variety of applications, including 
thermocatalytic, electrocatalytic and photo-
catalytic ones.[4,6–8] However, the intrinsic 
complexity of these materials poses chal-
lenges to the resolution of both the metal–
site architectures and the synergistic 
modes of action. Metal–metal interactions 
do not occur exclusively in the presence 
of intermetallic bonds (i.e., in dimers), 
but also in their absence.[6] The resolution 
of long–range metal–metal interactions 
requires advanced techniques, mainly 

relying on X–ray absorption spectroscopy (XAS) to assess the 
presence of bimetallic interactions up to the second coordina-
tion shell, and density functional theory (DFT) to resolve their 
impact on the catalytic fingerprints of b–SACs.[3] Pioneering 
studies combining in–depth spectroscopic and computational 
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1. Introduction

Carbon–supported single–atom catalysts (SACs) have attracted 
considerable attention in the field of catalysis owing to their 
maximized metal efficiency and unique reactivity in many 
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analyses have reported M1N/OM2 structures (where M1 
and M2 are chemically different metal atoms) that exhibit 
direct cooperative effects stemming from i) intermetallic elec-
tron density transfer, which tunes the binding energy of key 
intermediates, ii) sequential participation of metal sites in 
cascade reactions, or iii) unique reactant adsorption configura-
tions adopted on the two metal sites that enhance the reaction 
kinetics.[9–11]

Nevertheless, the study of this promising class of SACs is 
still in its infancy. The varied and complex nature of catalytic 
synergies is largely unexplored and calls for a deeper under-
standing of the origin of the enhanced activity. Besides, atomi-
cally–precise synthesis of b–SACs remains a major challenge 
in this respect.[3,7] Owing to the broad distribution of composi-
tions and anchoring sites in the carbon supports, unraveling 
underlying structure–property relationships is not straightfor-
ward. A reliable approach may consist in thoroughly investi-
gating structural modifications induced by the integration of 
the second metal species in the synthetic strategy, affecting the 
coordination of the former one. Diverse metal–site configura-
tions can exhibit both specific geometric and charge redistri-
bution effects, which are convoluted and arduous to resolve.[3] 
Specifically, disentangling indirect cooperativity mechanisms 
(i.e., coordination–induced effects) from direct ones (e.g., elec-
tron density transfer or sequential reactivity) remains a major 
challenge. To this end, the integration of secondary metal 
atoms in monometallic SACs that are completely isolated 
from each other (i.e., not bridged via N/O atoms) may offer 
an effective strategy to assess whether the presence of direct 
metal–metal interactions is necessary for intermetallic coop-
erativity. A suitable combination may be Ru and Pt, since the 
two metals have been studied for diverse applications as both 
monometallic single atoms and bimetallic dimers on carbon 
supports.[2,12,13]

Herein, we conduct the first study on indirect catalytic 
synergies in carbon–supported b–SACs. For this purpose,  
spatially– and electronically–isolated Ru and Pt atoms are 
generated on a N–doped carbon host, as i) corroborated by the 
lack of intermetallic interactions in either the first or second 
coordination shell by in–depth XAS characterization, and  
ii) confirmed by DFT analysis of possible charge redistribu-
tion effects. Despite the isolated nature of the metal atoms, 
the RuPt SACs exhibit up to 15–fold enhanced activity com-
pared with their monometallic counterparts for the hydrogen 
evolution reaction (HER), which serves here as a model probe 
for single–site H–adsorption properties.[14,15] To unravel the 
origin of the cooperativity, the b–SAC structure is thoroughly 
studied by integrative XAS and DFT analyses. The coordina-
tion configurations of each metal species are investigated by 
simulating the key steps in the synthetic process, while poten-
tial geometric and electronic synergistic effects are systemati-
cally probed. As a result, the enhanced activity of the RuPt 
SACs is attributed to the stabilization of Ru atoms in distinct 
cavities in the presence of Pt atoms, resulting in a close–to–
neutral H–adsorption strength (i.e., the metric for high HER 
activity). These results expand the scope of cooperativity effects 
in b–SACs, evidencing that indirect coordination–induced syn-
ergistic effects should not be overlooked when studying this 
novel class of catalytic materials.

2. Results and Discussion

2.1. Synthetic Strategy for Isolated Ru and Pt Atoms

Carbon–supported Pt single atoms (“SA” in the sample code) 
are derived by simple incipient wetness impregnation of a 
polyaniline–derived N–doped carbon (NC) with a solution of 
H2PtCl6 dissolved in water (w), followed by thermal activation in 
the range of 473–1073 K (T, Pt SACs denoted as PtSA/NC–w–T, 
Figure 1; Figures S1 and S2, Supporting Information).[16] Con-
versely, the generation of Ru single atoms requires a strongly 
oxidizing agent, i.e., aqua regia (a), and mild activation temper-
atures (Ru SAC denoted as RuSA/NC–a–473, Figure  1; Figures 
S1 and S2, Supporting Information).[16] In aqueous solutions, 
the RuCl3 precursor undergoes hydrolysis, exchanging Cl− 
ligands for H2O molecules.[17] The resulting Ru species are then 
reduced by surface functional groups of the carbon support, 
yielding Ru nanoparticles.[18] Notably, this process is hindered 
by the addition of H2PtCl6 in the aqueous solution, generating 
a RuPt  SAC (Figure  1, denoted as [RuPt]SA/NC–w–473), as 
visualized in HAADF–STEM and corroborated by X–ray dif-
fraction (Figures  S1 and S3, Supporting Information). This is 
explicable by the rapid and partial hydrolysis of H2PtCl6, which 
is capable i) of releasing Cl− ions in water while maintaining 
from two to four Cl− ligands depending on the solution pH,[19] 
and thus ii) of stabilizing the Ru species as single atoms on 
NC via a Cl–mediated oxidation mechanism.[14,20] In line with 
the affinity of both metal atoms for the N–functionalities in 
the support,[14,16] microscopy analysis evaluating the intensity 
profiles of Ru and Pt proximal atoms identifies interatomic dis-
tances of at least 4 Å (Figure S4, Supporting Information), sug-
gesting full spatial isolation between the metal species.[9]

Remarkably, the stabilizing effect of Pt atoms on their Ru 
counterparts is preserved upon thermal activation at high tem-
perature (yielding a RuPt SAC denoted as [RuPt]SA/NC–w–
1073, Figure 1; Figure S3, Supporting Information), leading to 
Cl− ligand removal and subsequent Ru agglomeration in the 
monometallic case (Figure  1; Figure S2, Supporting Informa-
tion).[16] The highly stable Pt single atoms likely block the dif-
fusion paths of the Ru atoms that lead to the formation of Ru 
nanoparticles, simultaneously offering the possibility to lower 
the chlorination degree of Ru atoms until full depletion of Cl− 
ligands (vide infra). These results demonstrate that the inte-
gration of stable metal atoms (e.g., Pt atoms) in SAC synthetic 
procedures is a valuable strategy to control the low nuclearity 
in sintering-prone metal atoms (e.g., Ru atoms) and attain dis-
tinct coordination properties compared to their monometallic 
counterparts.

2.2. Resolution of Metal Structure

2.2.1. Coordination Environment of Ru and Pt Atoms

The generation of isolated metal atoms in both [RuPt]SA/
NC–w–473 and [RuPt]SA/NC–w–1073 is corroborated by the 
Fourier transform analysis of extended X–ray absorption fine 
structure (FT–EXAFS) spectra. No metal–metal bonds are 
identified, with the exception of minor Ru–Ru contributions 
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in [RuPt]SA/NC–w–1073 (coordination number, CN  =  0.5, 
Figures  2a; Figure  S5 and Table  S1, Supporting Informa-
tion) that are assigned to few sporadic clusters observed in 

HAADF–STEM (Figure  S3, Supporting Information). Inter-
estingly, FT–EXAFS analysis of [RuPt]SA/NC–w–473 sug-
gests that the presence of RuCl3 in the aqueous solution does 

Adv. Funct. Mater. 2022, 32, 2206513

Figure 1.  a) Schematic illustration of the role of synthetic parameters (i.e., solvent, presence of secondary metal precursor, and temperature of thermal 
activation, Ta) in controlling the nanostructure of NC–supported monometallic and bimetallic catalysts, as indicated by the structural representations. 
The simultaneous impregnation of NC with aqueous solutions of RuCl3 and H2PtCl6 prevents the agglomeration of Ru single atoms into nanoparticles 
at both mild and high thermal activation conditions. b) HAADF–STEM images of monometallic and bimetallic SACs. The single metal atoms are 
highlighted by the white dotted circles.

Figure 2.  a) Experimental and fitted FT–EXAFS spectra in the R-space of monometallic and bimetallic SACs along with reference materials. b) WT–
EXAFS spectra at the Ru K and Pt L3 edges of the b–SACs. The absence of spectral features in the region of R = 3–5 Å and k = 9–11 Å−1 corroborates 
the spatial isolation between the Ru and Pt atoms in both samples. The characteristic lobes are marked with the corresponding contributions (namely 
MM, MCl, and MO).
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not affect the ability of the H2PtCl6 to preserve the necessary 
Cl− ligands for the Pt complexes to form single atoms, as indi-
cated by a similar chlorination degree of Pt atoms in [RuPt]SA/
NC–w–473 and the monometallic Pt SAC counterpart (PtCl 
CN = 2.4 and 2.3 in [RuPt]SA/NC–w–473 and PtSA/NC–w–473, 
respectively, Figure  2a; Figure S5 and Table  S1, Supporting 
Information). Conversely, the chlorinated nature of the Ru 
atoms in [RuPt]SA/NC–w–473 (RuCl CN  =  2.6, Figure  2a; 
Figure S5 and Table S1, Supporting Information) corroborates 
the Cl–mediated nature of the dispersing effect of H2PtCl6 
on Ru species. The latter ones need Cl− ligands to stabilize as 
single atoms,[14] as indicated by the strongly chlorinated char-
acter of RuSA/NC–a–473 (RuCl CN = 4.3, Figure 2a; Figure S5 
and Table S1, Supporting Information), which is synthesized by 
using aqua regia as a solvent. Full depletion of the Cl− ligands 
on both metal atoms is observed upon thermal activation 
at 1073  K (RuCl CN  =  0.0 and Pt–Cl CN = 0.0, Figure  2a; 
Figure  S5 and Table  S1, Supporting Information), reflecting 
a stronger interaction with the NC support (RuN/O/C CN =  
1.7 and 2.3, and Pt–N/O/C CN  =  1.8 and 4.0 in [RuPt]SA/
NC–w–473 and [RuPt]SA/NC–w–1073, respectively, Figure  2a; 
Figure S5 and Table S1, Supporting Information).

To gain further insights into the structural and electronic 
features of the RuPt SACs, the possible presence of inter-
metallic interactions in the first coordination shell is assessed. 
Similarly to analogous NC–supported Au–Ru SACs,[14] and 
in line with the affinity of both metal atoms for N–function-
alities,[14,16] no RuPt bonds are detected in either [RuPt]SA/
NC–w–473 or [RuPt]SA/NC–w–1073. Therefore, the presence 
of RuPt dimers, and thus of direct intermetallic electron 
density transfer, is excluded. Nevertheless, charge redistribu-
tion effects between two foreign metal atoms may also occur 
by bridging N– and O–functionalities in the carbon support 
(i.e., when the two metal atoms are in their mutual second 
coordination sphere).[9,21] To this end, the wavelet transform 
analysis of EXAFS spectra (WT–EXAFS) constitutes a highly 
suitable tool to probe the presence of N/O–bridged RuPt spe-
cies.[3,9] In their absence, longer–range electronic interactions 
between Ru and Pt atoms occurring via functionalities in the 
carbon support could be ruled out. By comparison to the metal 
chloride and metal oxide standards (Figure  S6, Supporting 
Information), and in line with the Fourier transform analysis 
results, [RuPt]SA/NC–w–473 presents i) MCl contributions, 
exemplified by the lobe centered at R = 1.8 Å and k = 1–10 Å−1 
at the Ru K edge and the one at R =  1.9 Å and k =  1–8 Å−1 at 
the Pt L3 edge, as well as ii) MN/O/C contributions, exem-
plified by the lobe centered at R  =  1.5  Å and k  =  1–11  Å−1 at 
the Ru K edge and the one at R  =  1.7  Å and k  =  1–11  Å−1 at 
the Pt L3 edge (Figure  2b). Additionally, a weak feature cen-
tered at R = 3.1 Å and k = 8–14 Å−1 can be identified at the Ru 
K edge, which can be attributed to residual RuClRu species 
from the RuCl3 precursor by comparison with the spectral fin-
gerprint of the latter one (Figure S6, Supporting Information). 
In contrast, [RuPt]SA/NC–w–1073 shows only lobes associ-
ated to RuN/O/C and PtN/O/C contributions. Markedly, 
no prominent spectral features in the region of R = 3–5 Å and 
k = 9–11 Å−1 can be identified in either the [RuPt]SA/NC–w–473 
and [RuPt]SA/NC–w–1073. This indicates the lack of interme-
tallic interactions in both the first or second coordination shell, 

suggesting full spatial and electronic isolation between the Ru 
and Pt atoms.[9]

The lack of charge redistribution effects between Ru and Pt 
atoms is further corroborated by X–ray absorption near edge 
structure (XANES) analysis. In line with literature–reported 
studies,[3,9] intermetallic electron density transfer that may 
occur through the functionalities in the carbon support can be 
identified by comparing the white line intensity values of the 
bimetallic SACs to the monometallic ones. In the presence of 
intermetallic charge redistribution effects, i) the b–SAC spec-
trum of the electron–donating metal edge should present a 
more oxidized character than its monometallic counterpart, 
while ii) the b–SAC spectrum at the electron–accepting metal 
edge should exhibit a more reduced character than its monome-
tallic analog.[10,22] In agreement with X–ray photoelectron spec-
troscopy (XPS) analysis (Figure 3a; Figure S7 and Tables S2–S4, 
Supporting Information), both metals in [RuPt]SA/NC–w–473 
and [RuPt]SA/NC–w–1073 present a slightly higher white line 
intensity value than one of the monometallic SAC counterparts 
(Figure  3b). Not only does the more positively charged char-
acter of both metals in the b–SACs provide further evidence for 
the electronically–isolated nature of the Ru and Pt atoms, addi-
tionally corroborated by DFT analysis (vide infra), but it also 
suggests stronger metal–support interactions compared to the 
monometallic SACs. Specifically, the lesser chlorination degree 
of the Ru atoms in [RuPt]SA/NC–w–473 compared to RuSA/
NC–a–473, reflects in the metal atom coordination sphere pre-
senting fewer MCl bonds in favor of more MN/C/O bonds 
(Table  S1, Supporting Information). Unlike the Ru atoms, the 
Pt atoms in the bimetallic [RuPt]SA/NC–w–473 and the mono-
metallic PtSA/NC–w–473 present a similar chlorination degree. 
Nevertheless, the more oxidized character of the Pt species 
likely derives from the partial Cl− ligand transfer mechanism to 
the Ru ones that occurs during the b–SAC synthesis, ultimately 
resulting in more prominent M–N/C/O interactions (Table S1, 
Supporting Information). Similarly, the complete removal of 
Cl− ligands in [RuPt]SA/NC–w–1073 by high thermal treat-
ment results in a prominently stronger interaction of both 
metal atoms with the NC support compared to the monome-
tallic SACs (Table S1, Supporting Information).

2.2.2. Role of Pt in Controlling Ru Speciation

The reactivity of SACs is usually rationalized by probing the 
catalytic properties of distinct metal–site configurations via 
DFT models, which are constructed on the basis of XAS anal-
ysis. Consequently, the study of b–SACs should not overlook 
the impact of the second metal species on the speciation of the 
former ones. A reliable approach consists of developing integra-
tive theoretical models investigating i) potential intermetallic 
interaction occurring during the catalyst synthesis, ii) concerted 
adsorption of the metal species on the support, and iii) pos-
sible charge redistribution between metal centers. Accordingly, 
aiming to uncover the active-site structure of the RuPt SACs, 
DFT models are developed to simulate their synthetic proce-
dure by incipient wetness impregnation. Provided the tendency 
of H2PtCl6 to lose 2–4 Cl− ligands in aqueous solutions, PtCl4 
and RuCl3 species are employed as metal precursors in the DFT 
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calculations. Similarly to analogous Au–Pt SACs,[20] XAS char-
acterization of the RuPt SACs suggests a Cl–mediated dis-
persing action of the Pt precursor on Ru species (vide supra). 
This is corroborated by the exothermicity of the exchange of 
1–4 Cl− ligands from the PtCl4 precursor to Ru or RuClx species 
(x = 0–3, Table S5, Supporting Information). To further demon-
strate the key role of Cl− ligands in preventing metal sintering, 
models simulating Ru complexes in aqueous solutions with 
varying chlorination degree, RuClx(OH)3−x (x  =  0–3), are con-
structed to predict their tendency to deliver nanoparticles over 
single atoms. OH− ligands are selected as exemplary negatively 
charged ligands coming from the aqueous phase to ensure neu-
trality among the models and remove any differential charge 
effects to the sintering process. Provided the i) strong affinity of 
Ru toward oxygenated compounds,[16] and ii) the large cohesive 
energy of RuO2 (i.e., 5.0  eV per formula unit), the formation 
energy of RuO2 is calculated as a function of x and compared 
to the binding energy of the corresponding RuClx(OH)3−x spe-
cies to the NC scaffold in reference to their gas–phase species 
(Figure 4a). In line with the FT–EXAFS results, each Cl− ligand 
is predicted to prevent the oxidation of Ru by at least 0.8  eV, 
thus hindering the formation of Ru clusters on the surface of 
NC. Therefore, while Ru species in an aqueous phase undergo 
prominent Cl− ligand exchange for OH− ones and are not able 
to preserve the necessary Cl− ligands to form single atoms, 
the partial and rapid hydrolysis of H2PtCl6 results in a higher 

concentration of Cl− ions that ultimately thwarts the ligand 
exchange process and yields Ru single atoms.

Having resolved the dispersing effect of the chlorinated Pt 
species on the Ru ones (Figure 4b), the coordination configu-
rations of the two metal atoms are unraveled. For this purpose, 
the energy paths for the adsorption and dechlorination of each 
metal species are calculated under different thermal condi-
tions (i.e., 473 and 1073 K). In an effort to represent the wide 
range of possible chemical environments in NC (Figure  4c), 
the energy paths are computed over a number of potential cav-
ities in the support (Figure  4d; Figure S8 and Tables  S6–S8). 
Among them, the 3×N5 (t–pyrrolic) and 4×N6 (sq–tetrapy-
ridinic) cavities are selected as representatives of trigonal (t) 
and square–planar (sq) geometries, respectively, in agree-
ment with literature–reported studies.[23] Owing to the out–
of–plane configuration imposed by trigonal cavities, highly 
chlorinated species (i.e., RuCl3 and PtCl4) tend to adsorb on 
3×N5 cavities. At 473 K, in line with the FT–EXAFS results of 
[RuPt]/SANC–w–473 (Figure  2a; Table  S1, Supporting Infor-
mation), the adsorbed species are unlikely to undergo full 
dechlorination, mainly resulting in RuCl3* and PtCl2* configu-
rations (−4.1 and −3.5  eV, respectively). At 1073  K, full deple-
tion of Cl− ligands of Pt species is hindered over trigonal cavi-
ties. This hints at the migration of PtCl* and Pt* species to 
4×N6 cavities, where the full depletion of Cl− is strongly exo-
thermic (> 3.6  eV). Conversely, the formation of Cl–free Ru* 

Adv. Funct. Mater. 2022, 32, 2206513

Figure 3.  a) Ru 3p and Pt 4f XPS spectra of fresh and used SACs, showing the positively charged character of the catalysts. Dashed black lines rep-
resent the result of fitting the original data (solid grey lines). b) Ru K and Pt L3 edge XANES spectra of monometallic and bimetallic SACs along with 
reference materials.
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species is allowed with isoenergetic configurations over both 
3×N5 and 4×N6 cavities (−3.2 eV).

Notably, these energy fingerprints point to an irreversible 
occupation of the 4×N6 cavities by Pt atoms (−6.0  eV), while 
Ru atoms can be reversibly adsorbed on both and 4×N6 cavi-
ties. This leads to the preferential stabilization of Ru atoms 

on the 3×N5 cavities in [RuPt]/SANC–w–1073 as a result of 
the reduced availability of free 4×N6 ones (filled by Pt atoms). 
Additionally, the presence of Pt atoms firmly anchored to 4×N6 
cavities hinders the diffusion and agglomeration of Ru species 
during thermal treatment under high temperature, leading 
to the stabilization of Ru as single atoms. The cavity control 

Adv. Funct. Mater. 2022, 32, 2206513

Figure 4.  a) Binding energies (Ebinding = E(RuClx(OH)3−x*) − E(3×N5) − E(RuClx(OH)3−x)gas, where x = 0–3) of different Ru species as a function of their 
sintering energy, calculated as the formation energy of RuO2 (Esintering = E(RuO2*) + ½E(H2)gas + x∙E(HCl)gas) − E(RuClx(OH)3−x*) − (x−1)∙E(H2O)gas, 
where x = 0–3). As the chlorination degree of the Ru species decreases, the formation of RuO2 is thermodynamically favored, leading to the formation 
of Ru NPs. b) Schematic representation of the impact of both the choice of the solvent and the presence of H2PtCl6 on the coordination of Ru spe-
cies (i.e., Cl− and OH− ligands) in solution, leading to distinct metal nanostructures upon thermal activation (Ta). c) Structural representation of the 
set of N–cavities that are employed in the DFT models. d) Adsorption and dechlorination paths of Ru and Pt precursors on 3×N5 and 4×N6 cavities 
at 473 and 1073 K. e) Radar plot of the adsorption energies (Eads) of Ru and Pt single atoms on 3×N5 (upper purple region) and 4×N6 cavities (lower 
blue region) in reference to the bulk atom and the pristine cavities. DFT simulations predict better stabilization, corresponding to a more negative 
Eads value, i) of Ru single atoms compared to their Pt counterparts on 3×N5 cavities (as indicated by the purple dotted line) and ii) of Pt single atoms 
compared to their Ru counterparts on 4×N6 cavities (as indicated by the blue dotted line), prompting Ru atoms to be preferentially stabilized on 3×N5 
cavities in the presence of their Pt counterparts.
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exerted by Pt atoms is further corroborated by the more nega-
tive adsorption energy values in reference to bulk metals for 
both i) Ru single atoms compared with their Pt analogs on 
3×N5 cavities and ii) Pt single atoms compared with their Ru 
analogs on 4×N6 cavities (Figure 4e). This concerted adsorption 
of Ru and Pt is already expected to take place at mild activation 
temperatures, since a varied distribution of chlorinated and 
non–chlorinated Ru and Pt species is predicted to populate the 
surface of NC in [RuPt]SA/NC–w–473. At 1073 K, this phenom-
enon is maximized as full depletion of Cl− ligands is achieved.

The DFT–predicted architectures for both the Pt and Ru 
atoms in [RuPt]SA/NC–w–1073 are in line with the FT–EXAFS 
analysis results. Specifically, the square–planar coordination of 
the Pt atoms on 4×N6 sites in [RuPt]SA/NC–w–1073 agrees 
well with the Pt–N/O/C coordination number of 4.0 identified 
by EXAFS analysis (Table  S1, Supporting Information). For 
the Ru atoms, the DFT–predicted out–of–plane configuration 
on 3×N5 sites is corroborated by the RuN/O/C coordination 
number of 2.3 (Table S1, Supporting Information). The slightly 
lower value than the theoretical one of 3, can be explained by i) 
the averaging character of the EXAFS technique, and ii) inevi-
table contributions of low–coordinated metal species in edge 
defects or other nitrogenated sites that are also present in the 
NC support.[24] Furthermore, a small degree of heterogeneity 
in the metal species configurations, as mirrored by the pres-
ence of a short–bonding RuN/O/C contributions (CN =  0.4), 
will also contribute to minor deviations between the theoretical 
and experimental results. In the case of [RuPt]SA/NC–w–473, 
the chlorinated character of the catalyst complicates an accu-
rate evaluation of the metal atom interaction with the support, 
owing to prominent MCl spectral features that can mask 
weaker MN/O/C contributions. Furthermore, both the RuN 
and PtN distances of the DFT–modeled structures increase by 
at least 0.1  Å when a Ru or Pt atom presents two Cl− ligands 
in its coordination environment (Table  S9, Supporting Infor-
mation). The metal atoms are vertically displaced due to the 
steric hindrance of the Cl− ligands, resulting in asymmetries in 
the metal atom position within the 3×N5 that can yield lower 
MN/O/C coordination numbers for chlorinated structures.

Upon rationalization of the metal–specific architectures, the 
tendency of Ru and Pt atoms to stabilize in dimeric architec-
tures is computationally explored (Table S10, Supporting Infor-
mation). In line with the FT– and WT–EXAFS analyses, the 
formation of dimeric species is found to be thermodynamically 
improbable (>1.3  eV). Having excluded the presence of inter-
metallic bonds, DFT models featuring Ru and/or Pt species 
in adjacent 3×N5 and 4×N6 cavities are constructed to probe 
potential intermetallic charge redistribution effects. Metal–
metal distances of 4.1 and 5.9 Å were selected as the minimal 
possible intermetallic distances, in agreement with both EXAFS 
analysis, showing lack of intermetallic interactions in either 
the first or second coordination shells (Figure 2; Table S1, Sup-
porting Information), and microscopy analysis of the intensity 
profiles of Ru and Pt proximal atoms, indicating intermetallic 
distances of >4 Å (Figure S4, Supporting Information). In line 
with the spectroscopic analysis, differences up to 0.1–0.2 eV in 
core–level shifts between the configurations point to the exclu-
sive presence of electronically–isolated Ru and Pt single atoms 
supported on NC (Table 1). This evidence lays the basis for the 

study of catalytic fingerprints in RuPt SACs that stem exclu-
sively from coordination–induced effects.

2.3. Catalytic Synergies Between Isolated Ru and Pt Atoms

2.3.1. Evaluation of Single–Site H–Adsorption Properties

Following the structural identification of the RuPt SACs, their 
catalytic fingerprints can be explored by means of hydrogen 
evolution reaction (HER). The single-site nature of this reaction 
offers a platform for the exploration of intermetallic coopera-
tivity mechanisms between isolated metal sites. Specifically, the 
HER constitutes a unique probe for H–adsorption properties 
owing to i) the high sensitivity of the reaction kinetics to the 
coordination environment of the active site, together with the 
ii) well–established two-step mechanism and kinetic features, 
mirroring the catalyst H–adsorption strength.[14,15] A recent 
pioneering study reported outstanding catalytic synergies for 
the HER in carbon–supported RuPt dimers, enhancing H–
adsorption properties via direct electron density modulation 
between Ru and Pt atoms.[13] In our study, by spatially and elec-
tronically isolating the Ru and Pt atoms, we probe potential 
indirect modes of synergistic action. Remarkably, the RuPt 
SACs are found to magnify the activity for the HER of their 
monometallic counterparts, which present similar catalytic 
performances, by ≈5 times in [RuPt]SA/NC–w-473 and by 
≈15  times in [RuPt]SA/NC–w–1073 (Figure 5a; Figure S9 and 
Table S11, Supporting Information).

Further insights into the distinct catalytic features of the 
RuPt SACs can be gained by analysis of the reaction kinetics. 
Under acidic conditions, the HER mechanism consists of an 
initial adsorption step of H+ (coupled to electron transfer) onto 
the active site, followed by a H2 formation step (Figure 5b).[25] 
According to classical electro–kinetics, under potentiostatic 
sweep tests (i.e., linear sweep voltammetry, LSV) the response 
of the reaction rate to changes in potential (i.e., Tafel analysis) 
can provide an indication of the rate–determining step. To 
this end, the evaluation of the reaction rate–potential slopes at 
potentials close to equilibrium (i.e., Tafel slopes) can identify 
the initial adsorption or the H2 formation as the rate–deter-
mining step (corresponding to slopes of ≈120 and ≈40 mV dec−1, 

Adv. Funct. Mater. 2022, 32, 2206513

Table 1.  Differences in simulated core–level shifts and H–adsorption 
free energies (∆CLS and ∆GH*, respectively, in eV) of Ru and Pt species 
on adjacent 3×N5 and 4×N6 cavities between monometallic and bime-
tallic systems.

M–M distance / Å Configuration ∆CLS eV−1 ∆[∆GH*] eV−1

4.1 Ru/3×N5 0.05 0.03

Pt/3×N5 0.06 0.08

Ru/4×N6 0.15 0.06

Pt/4×N6 0.24 0.09

5.9 Ru/3×N5 0.00 0.06

Pt/3×N5 0.01 0.04

Ru/4×N6 0.00 0.07

Pt/4×N6 0.06 0.03
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respectively).[26] While the HER over both monometallic SACs 
is limited by the adsorption step, the b–SACs feature the second 
step as the rate–determining one (Figure  5a; Figure S10 and 
Table S11, Supporting Information), reflecting the enhanced H–
adsorption properties. However, the similar reaction rate–poten-
tial slopes exhibited by [RuPt]SA/NC–w–473 and [RuPt]SA/
NC–w–1073 may apparently contradict the significantly more 
prominent catalytic synergy exhibited by the latter one. This is 
explicable by the poisoning effect of Cl− ligands in [RuPt]SA/
NC–w–473, which results in a shift of the onset potential to 
more negative potentials. In line with the high chlorination 
degree and limited interaction with the support, [Ru–Pt]SA/
NC–w–473 and RuSA/NC–a–473 show pronounced deactivation 

already during a second LSV (−38.0  ±  9.0% compared to the 
activity in the first LSV, Figure  S9 and Table  S11, Supporting 
Information). Conversely, the Cl–free and well–anchored metal 
atoms in [RuPt]SA/NC–w–1073 show minor deactivation 
(−11.1 ± 2.6% compared to the activity in the first LSV, Figure S9 
and Table S11, Supporting Information). HAADF–STEM anal-
ysis of the used catalysts (including “–u” in the sample code) 
shows metal–atom agglomeration into nanoparticles (average 
size: 3.3 nm, Figure 5c) in the former and only minor cluster 
formation in the latter (average size: 1.4 nm, Figure 5c). Conse-
quently, catalyst deactivation of both [RuPt]SA/NC–w–473 and 
RuSA/NC–a–473 is imputed to Ru single–atom agglomeration 
induced by Cl− ligand stripping upon applying a sufficiently 

Adv. Funct. Mater. 2022, 32, 2206513

Figure 5.  a) HER activity plot representing H2 evolution rates (i.e., cathodic current densities) and Tafel slopes at −0.2 V versus RHE in 0.5 m H2SO4 for 
the monometallic and bimetallic SACs. Data presented as mean ± SD (n = 3). b) Schematic representations of the rate-determining steps in the HER 
mechanism of monometallic and bimetallic SACs (upper row) and together with schematic representations of the single–atom agglomeration mecha-
nism via Cl− ligand stripping in [RuPt]SA/NC–w–473 (lower row), which is hindered in [RuPt]SA/NC–w–1073. c) HAADF–STEM of used monometallic 
and bimetallic SACs at −0.2 V versus RHE in 0.5 m H2SO4, together with average particle sizes (dp). d) Radar plot of H–adsorption Gibbs free energy 
(ΔGH*) of RuCl, Ru, and Pt species on both 3×N5 cavities (upper purple region) and 4×N6 cavities (lower blue region), accompanied by their structural 
representations. Cl–free Ru species on 3×N5 cavities are identified as the most active species for the HER, owing to their neutral ΔGH* value (0.09 eV).
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reducing potential (Figure  5b).[14] Hence, by displacing Ru 
atoms in distinct cavities (vide supra) and allowing for complete 
depletion of their Cl− ligands at thermal activation conditions 
(i.e., 1073 K) by blocking the sintering paths of Ru atoms, the 
Pt species are found to exert coordination–induced promotional 
effect on their Ru counterparts that reflects not only in the cata-
lyst activity for the HER but also in its stability.

2.3.2. Origin of Intermetallic Cooperativity

When two distinct single-metal atoms are present on the same 
support, they can either catalyze the reaction in parallel on 
each site or cooperatively participate in the mechanism.[27] Pro-
vided the spatial and electronic isolated nature of the RuPt 
SACs, single–site catalytic fingerprints are first explored. The 
H–adsorption free energy (ΔGH*) is commonly employed as 
a descriptor of catalytic activities for the HER, as it follows a 
volcano trend where ΔGH*  = 0 corresponds to the highest 
hydrogen evolution rates.[28] Recently, this model was improved 
by linking microkinetics to the thermodynamic diagrams for 
the HER, showing that slightly more positive values (ΔGH*  = 
0.2 eV at U = 0 V) would be responsible for the current densi-
ties observed in the kinetically active region.[29] Therefore, DFT 
is employed to systematically evaluate the ΔGH* of all potential 
active site architectures (i.e., MCl2, MCl, and M species stabi-
lized on both trigonal and square–planar cavities, as summa-
rized in Figure S11 and Table S12, Supporting Information).

In stark contrast with carbon–supported Pt nanoparticles, 
which are the state–of–the–art commercial catalysts for the 
HER,[30] experimental catalytic tests of Pt SACs show modest 
activity. This can be assigned to the DFT–predicted square–
planar geometry of Pt species (vide supra). Owing to their weak 
H–adsorption strength (ΔGH* =  1.37 and >2.00 eV for Pt* and 
PtCl*, respectively, Figure  5d; Figure S11 and Table  S12, Sup-
porting Information), the reaction kinetics of the Pt SACs is 
limited by the H–adsorption step (Figure 5a; Figure S10, Sup-
porting Information). Similarly, in line with the Tafel analysis 
(Figure  5a; Figure S10, Supporting Information), chlorinated 
Ru species stabilized on trigonal cavities that likely populate the 
monometallic Ru SAC (vide supra) also exhibit weak H–adsorp-
tion strength (ΔGH* = 0.7 eV for both RuCl* and RuCl2*). Con-
sequently, the enhanced activity of the RuPt SACs cannot be 
attributed to either Pt species or chlorinated Ru ones. Never-
theless, the b–SACs present a lower chlorination degree of the 
Ru atoms, due to the use of water as a solvent instead of aqua 
regia in the synthetic procedure. Mild thermal activation con-
ditions likely result in a varied distribution of chlorinated and 
non–chlorinated Ru species in [RuPt]SA/NC–w–473, while full 
depletion of Cl− ligands is achieved in [RuPt]SA/NC–w–1073. 
Notably, Cl–free Ru species stabilized on 3×N5 cavities exhibit 
a close–to–neutral ΔGH* (i.e., 0.1 eV). Contrary to their analogs 
on 3×N5 cavities, Cl–free Ru species on 4×N6 cavities exhibit 
a too strong adsorption strength (ΔGH* = −0.4 eV), which dis-
qualifies them as plausible active sites. This result exempli-
fies the key role of Pt species, occupying the 4×N6 cavities, in 
prompting the Ru ones to assume trigonal configurations that 
are more active for the HER. The abundancy of these species 
in [RuPt]SA/NC–w–1073 reflects in a 15–fold increased activity 

with respect to the monometallic SACs, while [RuPt]SA/
NC–w–473, presenting fewer Cl–free Ru species on 3×N5 cavi-
ties, exhibits a less pronounced activity enhancement (i.e., five–
fold increase).

In an effort to maximize the population of Ru atoms on 
3×N5 sites, the Pt loading is varied while the Ru loading is kept 
constant (i.e., 0.5  wt.%). Nevertheless, the prerequisite for the 
stabilization of Ru single atoms over 3×N5 sites is the preven-
tion of the metal sintering, which is achieved by virtue of the 
Cl–mediated dispersing effect exerted by the Pt species during 
the catalyst synthetic process (vide supra). In line with this, the 
synthesis of a RuPt catalyst featuring a lower Pt loading (i.e., 
0.25 wt.%, sample code: [Ru0.5–Pt0.25]SA+NP/NC–w–1073) leads to 
the formation of Ru NPs, as visualized by HAADF–STEM anal-
ysis (Figure S12, Supporting Information). Conversely, a higher 
loading of Pt species (i.e., 1  wt.%, sample code: [Ru0.5–Pt1]SA/
NC–w–1073) results in atomic dispersion for both metals 
(Figure  S12, Supporting Information). While the [Ru0.5–Pt1]SA/
NC–w–1073 exhibit similar synergistic effects to [RuPt]SA/
NC–w–1073 (12–fold and 15–fold enhancement in the activity 
with respect to the monometallic SAC counterparts, respec-
tively), a slight reduction in prominence of the cooperativity 
mechanism is observed (Figure  S9, Supporting Information). 
We speculate that by increasing the Pt loading, the Pt atoms will 
progressively occupy more 3×N5 sites. As a result, their availa-
bility to Ru species will be reduced, and the Ru atoms will adopt 
less stable and less active configurations. We conclude that the 
maximization of the 3×N5 site–stabilized Ru atoms is a complex 
endeavor that requires an optimal Pt loading, which should be 
neither too low to avoid the formation of Ru NPs nor too high 
to prevent occupation not only of the 4×N6 sites but also of the 
3×N5 ones. While this endeavor goes beyond the scope of this 
contribution, achieving fine control over the metal species pop-
ulation would be of key importance for practical applications.

Upon resolving how the integration of Pt atoms affects the 
configuration and H–adsorption properties of Ru atoms, diverse 
cooperativity mechanisms are systematically studied. First, pos-
sible direct synergistic actions are explored, including potential 
intermetallic charge redistribution effects. In line with the XAS 
analysis, differences up to 0.1 eV in the ΔGH* between models 
featuring Ru and/or Pt species in adjacent 3×N5 and 4×N6 
cavities corroborate the lack of electron transfer between the 
metal atoms (Table 1, Supporting Information). Furthermore, a 
direct cascade mechanism is investigated. The process can be 
described as consisting of two consecutive steps: i) a water dis-
sociation in one site, leading to the adsorption of H* and a free 
OH− and ii) the transfer of a proton from a second water mole
cule to the free OH− species with the subsequent adsorption of 
the remaining OH* on the other metal site. Driven by the dis-
sociative adsorption of water on Ru atoms stabilized on 3×N5 
cavities (−0.7  eV, Table  S13, Supporting Information), which 
leads to the formation of H*RuOH* centers, proton shuttle 
effects are probed over neighboring Pt atoms (Figure 6a). How-
ever, the endothermicity of water adsorption (0.8  eV) and dis-
sociation (>2.0  eV) over square–planar Pt excludes this kind 
of cooperativity interactions between the Ru and Pt atoms 
(Table S13, Supporting Information).

Henceforth, indirect synergistic effects are explored. Seeking 
for large–scale configurational effects at the water–catalyst 

Adv. Funct. Mater. 2022, 32, 2206513
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interface, the interaction of a layer of water molecules with 
the surface of monometallic Ru and bimetallic SACs is ana-
lyzed. Nevertheless, despite the distinct configuration that 
water molecules adopt over Ru and Pt atoms (O– and H–ori-
ented, respectively), no differences are observed between the 
monometallic and bimetallic SACs (Figure  6b). The role of 
the H–oriented configuration of water molecules adsorbed on 
Pt atoms on 4×N6 cavities in forming H*MOH* species is 
further studied (Figure 6c). As the energy for the dissociation of 
water in the RuPt SAC increases by 3.5 eV with respect to the 
monometallic Ru SAC, no improvement of the configurational 
disorder is identified upon integration of the Pt atoms. These 
results evidence the cavity control exerted by Pt atoms over Ru 
ones as the only effect leading to catalytic synergies.

3. Conclusion

In summary, we explored indirect catalytic synergies in bime-
tallic b–SACs, stemming exclusively from metal–site configu-
ration effects. To avoid direct intermetallic charge transfer or 
sequential participation in cascade mechanisms, isolated Ru 
and Pt atoms (with intermetallic distance >4 Å) were generated 
on N–doped carbon by a simple dry impregnation synthetic 
strategy, where the formation of Ru nanoparticles was hindered 
by a remarkable dispersing effect of Pt species on the Ru ones. 
The lack of intermetallic coordination, as well as electron density 

redistribution, was confirmed by microscopic, spectroscopic, 
and DFT analyses. By investigating the catalytic fingerprints 
via the HER, employed as probe for H-adsorption properties of 
single–metal sites, cooperativity effects in the RuPt SACs were 
unveiled, leading up to 15–fold enhanced activity. The develop-
ment of an integrative approach combining spectroscopic and 
computational techniques proved key to unfold the role of the 
b–SAC synthetic strategy in controlling the metal–site configu-
rations and exclude different potential geometric and electronic 
synergistic effects for the HER. Thereby, a novel principle of 
intermetallic cooperativity action was unraveled. Owing to the 
occupation of the most energetically–favorable cavities in the 
support by the Pt atoms, the Ru ones are induced to adopt dis-
tinct and more active configurations. Finally, our contribution 
shows that metal–metal interactions are not necessary for inter-
metallic cooperativity mechanisms to occur. As a result, prior 
investigating catalytic properties, the study of b–SACs should 
encompass a thorough analysis of the metal–coordination envi-
ronment that is determined in the synthetic process. Only in 
this way potential coordination–induced synergistic effects can 
be assessed, an undertaking that is pivotal for a clear mecha-
nistic understanding of complex metal–metal and metal–host 
interactions in b–SACs.

4. Experimental Section
Catalyst Preparation: The N–doped carbon support (NC) was prepared 

in a two–step synthesis, consisting of an oxidative polymerization of aniline 
and a subsequent carbonization step.[24] Aniline (50 mmol, Acros, 99.5%) 
was dissolved in deionized water (40 cm3, pH 0.4; adjusted by hydrochloric 
acid, 1.25 m, Sigma–Aldrich, >37%) at room temperature, cooled to 277 K, 
and subsequently added to a precooled solution (277  K) of ammonium 
persulfate (50 mmol, Acros, 98%) in deionized water (20 cm3). After 5 min 
of vigorous manual stirring, the mixture was kept at room temperature 
for 24 h to complete the polymerization process. The formed polyaniline 
was thoroughly washed with deionized water for neutralization, dried in 
vacuum at 393  K for 12  h, and afterward treated at 1073  K (heating rate 
5 K min−1, hold time 1 h, static N2). The obtained N–doped carbon, having 
a N–content of 9.7 wt.% and a total surface area of SBET = 517 m2 g−1, was 
ground and sieved (particle size 0.4–0.6  mm). All metal–based catalysts 
were prepared via an incipient wetness impregnation method with a 
nominal metal loading of 1  wt.%. The metal precursors, RuCl3∙xH2O 
(ABCR, 99.9%, 40.0  wt.% Ru) and H2PtCl6∙xH2O (ABCR, 99.9%, 
40.0 wt.% Pt), were dissolved in water or aqua regia (1.5 cm3 g−1), and the 
obtained solutions were added dropwise to the NC support. Subsequently, 
the samples were dried at 473 or 1073 K, as specified in the sample code, 
(heating rate 5 K min−1, hold time 12 h, static air) to yield the respective 
monometallic single–atom catalysts, denoted as RuSA/NC–a–473 and PtSA/
NC–a–473, if aqua regia used as the solvent, or Ru nanoparticle and Pt 
single–atom catalysts, denoted as RuNP/NC–w–473, RuNP/NC–w–1073 
and PtSA/NC–w–473, PtSA/NC–w–1073, respectively, if water was used as 
the solvent. The bimetallic catalysts, denoted as [RuPt]SA/NC–w–473 and 
[RuPt]SA/NC–w–1073, were obtained by impregnation of the NC support 
with an aqueous solution containing both metal precursors with a 1:1 
Ru:Pt weight ratio, keeping the total metal loading at 1 wt.%. In the case 
of [RuPt]SA/NC–w–1073, the Pt loading was varied (i.e., 0.25 and 1 wt.%) 
while keeping the Ru metal loading constant (i.e., 0.5 wt.%) as indicated 
in the sample code [Ru0.5–Pt0.25]SA+NP/NC–w–1073 and [Ru0.5–Pt1]SA/
NC–w–1073, respectively, presenting single atoms and/or nanoparticles 
as indicated by the subscript. Used catalysts are indicated with “–u”.

Catalyst Characterization: Powder X–ray diffraction (XRD) was 
measured using a PANalytical X’Pert PRO–MPD diffractometer 
with Cu–Kα radiation (λ  =  1.54060  Å). The data was recorded in the  

Adv. Funct. Mater. 2022, 32, 2206513

Figure 6.  Schematic illustration of diverse potential synergistic effects for 
the HER arising between isolated Ru and Pt atoms on NC under reaction 
conditions, accompanied by the reaction energy of the corresponding pro-
cess on the monometallic Ru SAC (purple) and the bimetallic RuPt SAC 
(blue). a) Proton shuttle reaction mechanism, which can be described as 
consisting of two consecutive processes: i) a water dissociation in one 
site, leading to the adsorption of H* and a free OH− and ii) the transfer 
of a proton from a second water molecule to the free OH− species with 
the subsequent adsorption of the remaining OH* on the other metal site. 
b) Wettability effects, originating from the distinct interaction of a layer of 
water molecules in monometallic and bimetallic SACs. c) Molecule pre–
orientation effects, accounting for the influence of the interaction of two 
water molecules in the dissociation energy to give H*MOH* species.

 16163028, 2022, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202206513 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2206513  (11 of 12) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

10–70°2θ range with an angular step size of 0.017° and a counting time of 
0.26 s per step. Scanning transmission electron microscopy (STEM) images 
with a high-angle annular dark-field (HAADF) detector were acquired on 
an aberration–corrected 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 subsequent 
drying in air. X–ray fluorescence (XRF) spectroscopy, was conducted 
using an Orbis Micro–EDXRF spectrometer equipped with a silicon 
drift detector and a Rh source operated at 35  kV and 800  µA. The 
weight percentage of impurities (Mg, Ca, P, Mn, Fe, Ni, and Cu) was 
found to be at least 20 times lower than the concentration of Ru or Pt. 
X–ray photoelectron spectroscopy (XPS) spectra were acquired on a 
Physical Electronics Quantera SXM instrument using monochromatic 
Al–Kα radiation, generated from an electron beam operated at 15  kV, 
and equipped with a hemispherical capacitor electron–energy analyzer. 
The samples were analyzed at an electron take–off angle of 45° and a 
constant analyzer pass energy of 55  eV for the fresh samples, and 
a constant analyzer pass energy of 69  eV for the used catalysts. The 
detection of the metal signals in the used catalysts required a higher 
pass energy to increase the intensity of the signal, since the signal 
intensity was reduced by the presence of fluorine in the Nafion–based 
ink in which catalysts were embedded (vide infra). The Ru 3p and Pt 4f 
spectra were fitted by mixed Gaussian–Lorentzian component profiles 
after Shirley background subtraction. The selected peak positions are 
based on literature–reported data and fixed with an error of ± 0.2 eV. The 
detailed fitting parameters are given in Tables  S3 and S4 (Supporting 
Information). X–ray absorption fine structure (XAFS) measurements 
were carried out at the SuperXAS beamline of the Swiss Light Source.[32] 
The incident photon beam was provided by a 2.9 T superbend magnet 
and subsequently collimated using a Pt–coating (for the Ru  K edge) 
and a Rh–coating (for the Pt L3 edge). The X–ray beam is then energy 
selected by a liquid nitrogen–cooled Si (111) channel–cut Quick–EXAFS 
monochromator.[31] The rejection of higher harmonics and focusing was 
achieved with a Pt–coating (for the Ru K edge) and a Rh–coating (for the 
Pt L3 edge), respectively, at 2.5 mrad. The beamline was calibrated using 
the respective metal foils. The area of sample illuminated by the X–ray 
beam was 1.0 mm×0.2 mm. 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 5 min. The resulting raw data were 
processed using the ProQEXAFS software,[33] and the EXAFS spectra 
were analyzed using the Demeter software.[34]

Catalytic Evaluation: The electrocatalytic hydrogen evolution reaction 
(HER) measurements were performed using a three–electrode cell. 
A glassy carbon rotating–disk electrode (0.1956  cm2) was used as 
the working electrode (Pine Instruments), a standard single junction 
silver/silver chloride electrode as the reference electrode (3  m, Pine 
Instruments), and a graphite electrode as the counter electrode. An 
ink made of 5  mg of the catalysts, 1.6  cm3 of ultrapure water, 0.4  cm3 
of isopropanol, and 0.04  cm3 Nafion (5% solution, Sigma–Aldrich), 
sonicated for 10 min, was prepared, and 0.015 cm3 of the ink were cast–
dropped onto the RDE. The linear sweep voltammetries (LSVs) were 
recorded in a N2–saturated 0.5  m H2SO4 electrolyte by sweeping the 
applied potential between 0.4 and −0.2 V versus RHE at a scan rate of 
0.05 V s−1, while rotating the working electrode at 1800 rpm to favor the 
removal of H2 gas bubbles. The catalyst sample size (n) and the catalyst 
activity parameters, together with their standard deviation (SD) values, 
are reported in the (Table S11, Supporting Information).

Computational Methods: Density functional theory (DFT) on models 
of the Ru and Pt single atoms representing the different monometallic 
and bimetallic SACs was employed as implemented in the Vienna ab 
initio Simulation Package (VASP 5.4.4).[35] The generalized gradient 
approximation of the Perdew–Burke–Ernzerhof functional (GGA–PBE)[36] 
was used to obtain the exchange-correlation energies with dispersion 
contributions introduced via Grimme’s DFT–D3 approach.[37] Projector 
augmented wave (PAW)[38] 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. For the simulation of the NC support, a two–layer (6×6) slab 
of graphitic carbon separated by 15 Å of vacuum was used and sampled 
through a gamma–centered grid of 3×3×1 of k–points. The arising 
dipole was corrected in all slab models.[39] To represent the wide range 
of possible chemical environments in NC,[23] a set of seven cavities was 
constructed, comprising trigonal (t) and square–planar (sq) configurations 
with pyridinic and/or pyrrolic nitrogens: i) 3×N6 (t–tripyridinic), ii) 3×N5 
(t–tripyrrolic), iii) 4×N6 (sq–tetrapyridinic), iv) 3×N6+1×C (sq–tripyridinic), 
v) 2×N6  +  2×  C(sq–bipyridinic), vi) 1×N6+3×C (sq–monopyridinic), 
and vii) 2×N5+2  N6 (sq–tetrapyrrolic/ pyridinic). Single–atom catalysts 
were modeled by placing PtCl4 and RuCl3 at the center of the distinct 
NC cavities, with subsequent removal of chlorine to the solvent or gas–
phase reservoir. The corresponding dechlorination paths were explored 
at 473 and 1073  K, and the core–level shifts of the resulting species 
were calculated. To predict the formation of Ru single atoms based on 
the ligands of the Ru species in the solvent (i.e., water or aqua regia), 
RuClx(OH)3−x (x  =  0–3) species were placed at the center of the 3×N5 
cavity, and the subsequent adsorption energy was calculated versus the 
reaction energy associated to sintering, modeled as the formation of 
RuO2. Gas–phase molecules were optimized in a box of 14.0×14.5×15.0 Å3. 
For all investigated systems, structures were relaxed using convergence 
criteria of 10−4 and 10−5 eV for the ionic and electronic steps, respectively. 
For the Gibbs free energy on the dechlorination paths, entropic 
contributions from molecules were considered, while for the calculation 
of the hydrogen Gibbs free adsorption energies at overpotential U = 0 V, 
entropic contributions from both molecules and slabs were accounted.

The experimental and computational datasets are made available 
through Zenodo at https://doi.org/10.5281/zenodo.6929058 and 
ioChem–BD[40] at http://doi.org/10.19061/iochem-bd-1-247, respectively.

Statistical Analysis: The data analysis for all techniques that are 
presented and discussed in this article is reported in the Supporting 
Information (Table S14, Supporting Information).
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