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In this work, we investigated the influence of a carbon substrate (graphene), doped or undoped, on the
adsorption energy, and thus the stability, of Pt(n)-clusters/nanoparticles (NPs) grown on it. For substrate
doping, we considered N-doping (graphitic or pyridinic), and carbon doping with MnN(.2/C or
MnN442/C sites in the immediate vicinity of Pt(n)-clusters/NPs. These non-noble sites, containing Mn"”

or MI’]“”)

, are also capable of oxygen reduction in fuel cells, similar to Pt(n) nanoparticles. The Pt(n)-
graphene interaction is initiated by a Pt atom occupying a single carbon vacancy, forming three Pt-C
bonds. The entire Pt(n)-cluster/NP is then built upon this atom. A more negative adsorption energy
corresponds to stronger adhesion and enhanced cluster stability. This effect is particularly pronounced
when the graphene substrate is doped with Mn!" °" "N ,.,,/C or Mn" °" "N, /C sites. We further
examined whether a Pt(n)-cluster/NP adjacent to a MnN,/C site could stabilize the latter against
demetallation in acidic PEM fuel cell environments. Our findings confirm this hypothesis: Pt(n) effectively
stabilizes MnN,/C against demetallation. This effect is especially significant for Mn“”N(4+2)/C and
Mn‘”’N(ZQ,/C sites, previously shown to undergo spontaneous Mn demetallation. In the presence of
Pt(n), the formerly spontaneous demetallation becomes a thermodynamic equilibrium (in a closed
thermodynamic environment), improving MnN,/C stability. Despite this stabilization, MnN, sites remain
less durable than platinum under PEM fuel cell cathode conditions. This led us to examine what happens
to Pt(n) adhesion after Mn demetallation. Our calculations show that the Pt—C bonding energy is
minimally affected by the demetallated MnN, sites. Thus, Pt(n) clusters should remain stably anchored
even after Mn loss. Finally, beyond these stability insights, we reviewed literature regarding the catalytic
performance of Pt(n)-MnN,/C hybrid systems, highlighting how they combine the high activity of Pt with
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especially HDVs (High Duty Vehicles) which, because of the
power they require, are less prone to the use of batteries as

1. Introduction

Pt and Pt-based catalysts are considered the best catalysts for
the oxygen reduction reaction (ORR) in polymer electrolyte fuel
cells (PEMFC). The US Department of Energy (DOE) has set
targets for their use. However, given the current success of
batteries in LDVs (Light Duty Vehicles), the DOE's new targets
now aim to use PEMFCs for MDVs (Medium Duty Vehicles) and
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a source of electrical power." Whereas the latest DOE targets for
LDVs aimed to reduce the total precious metal loading below
0.125 mgp, cm > while maintaining a fuel cell life of 5000 hours,
the new HDV targets call for a total precious metal loading of 0.3
mgp cm~ > while extending the fuel cell life for 25000 hours.
More specifically, at end-of-life (EOL), the PEMFC target that
supplies an HDV with electrical power must still produce 275
kW, at 0.7 V with 2.5 atm air, 90 °C coolant exit temperature,
and 1.5 cathode stoichiometry. This is a significant demand on
platinum, a catalyst that, while effective, faces challenges that
can impact its activity and durability.

As far as the catalytic activity of platinum at the cathode of
a PEMFC is concerned, about 0.2 V of overpotential must be lost
(out of about 1.2 V theoretically available per MEA in open circuit)
before a net oxygen reduction current appears.>* To explain this,
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Norskov et al® suggested in 2004 that the ~0.2 V ORR over-
potential could be linked to the strong bonding at high potential
of O, or OH to the Pt surface, rendering the transfer of H" and
electrons impossible. However, the stability of these “poisoning
O, or OH species” decreases by lowering the potential, enabling
then the ORR reaction to proceed. The previous explanation of the
overpotential has recently been challenged by Z. Wu et al.* who
rather introduced the concept of mixed potential arising at high
potential from the oxidation reaction of Pt occurring at the same
time as the ORR. In this view, the bottleneck of reducing the
overpotential of ORR is obtained by inhibiting Pt oxidation. This
explanation was experimentally confirmed by substituting H,O
with D,0 in acid solution, which resulted in the decrease of Pt
oxidation at high potential and an increase, at the same time, in
the ORR kinetics.

Regarding the durability of platinum, the metal tends to
dissolve when subjected to a potential >0.6 V, affecting the
integrity of its electrochemically active surface area (ESCA).*”
Dissolved platinum will then deposit in the membrane® and/or
redeposit on existing Pt nanoparticles, which may eventually
coalesce (Oswald ripening).>'® Moreover, there are minimum
size limits for Pt nanoparticles which means that they dissolve
rapidly if they are too small (<0.3 nm in diameter).*** Reducing
Pt particle size cannot therefore be relied upon to durably
increase the ESCA and hence the mass activity of the catalyst.
Another way of increasing the mass activity of Pt-based catalysts
is to alloy Pt with a non-noble metal such as cobalt, for
instance.”** However, unless the resulting alloy is an inter-
metallic or presents a Pt skin that somewhat alleviates the
dissolution problems,""” the non-noble metal always ends up
leaching from the Pt catalyst during the 25 000 hours of dura-
bility required for high-duty vehicles.™

Again, in the spirit of improving the durability of Pt-based
catalysts, a great deal of work has also been carried out on the
carbon used to support the metal catalytic sites, to enhance
their mutual interaction and thus improve the retention of Pt
nanoparticles on the support. Numerous nitrogen-doped
carbon supports have been studied for this purpose.*>® Not
only are the catalysts obtained on nitrogen-doped carbon
supports more durable than their counterparts on undoped
carbon supports, but these experiments also reveal that these
more durable catalysts are also more active. Another step
towards improved durability has been taken, this time using
non-noble catalysts to support the Pt nanoparticles.**** This
was a logical step to take after doping the carbon with nitrogen,
since the sites of the non-noble catalysts are of MeN,-type and
embedded in the graphene planes. Here Me is a non-noble
metal ion of Fe, Co, Mn, etc. These sites, or more specifically
a defect close to each of these sites, can serve as an anchoring
point for the Pt nanoparticle. As in the case of nitrogen doping
of the carbon support, not only do the non-noble sites improve
the retention of the Pt nanoparticles on the support (as shown
by the Accelerated Stability Tests; AST), but the resulting inter-
actions, associated with a synergy between Pt nanoparticles and
the support, also improve the mass activity of the Pt catalysts.

Recently, using the well-known thermodynamic methods
(described in Section 4 in this work), we analyzed the stability
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towards demetallation of MnN,/C sites in the strongly acidic
environment of PEM fuel cells.” We found that demetallation is
a thermodynamically spontaneous reaction for Mn"N,/C, but is
equilibrated for X-Mn"N,/C (with X = 0,). Although, the oxida-
tion state of Mn in electrocatalysts, determined from XPS (X-ray
photoelectron spectroscopy)™® or XANES (X-ray adsorption near
edge structure)® spectra, was always found to be equal to +2, it was
shown® that Mn"™N,/C electrocatalysts acquire the ability to
reduce molecular oxygen only after adsorption of O, and the
transition of Mn?" to the trivalent state: Mn™N,---O,. However, as
it was suggested in ref. 49, due to the high electrode potential
(~0.95 V vs. RHE) for the pair Mn*/Mn**, the thermodynamic
stabilization of the Mn™N,/C site in contact with O, or air is
limited. Therefore, the Mn species that will prevail in the above XPS
or EXAFS spectra are expected to be in the Mn”* oxidation state.

In this work, studying the association of Pt nanoparticles with
nearby Mn"UN,/C sites, it will mainly be shown that a Mn""N,/C
site associated with a Pt particle enhances the adhesion of this
particle to the graphene support. We also find that, conversely,
the presence of a Pt particle associated with a Mn"N,/C site
stabilizes this MnU"N,/C site in such a way that its demetallation
in the acid medium of PEM fuel cells is no longer spontaneous,
but rather subject to thermodynamic equilibrium. The combi-
nation of Mn"N,/C sites and Pt nanoparticles thus becomes
a winning combination for these hybrid catalysts.

The work presented here is divided into three parts. In the
first part (Sections 2 and 3), we investigated the influence of
a carbon substrate (graphene), doped or undoped, on the
adsorption energy (and therefore the stability) of Pt(n)-clusters/
nanoparticles (NPs) that have been grown on this substrate. For
the doping of the carbon substrate, we considered nitrogen
doping, where this atom is substituted for a carbon atom. The
nitrogen dopant is either graphitic or pyridinic. We have also
considered carbon doping with MnN(,:,)/C or MnN(45)/C sites
in the immediate vicinity of Pt(n)-clusters/NPs. These non-noble
sites have the potential (like Pt(n)) to reduce oxygen in fuel cells,
and their manganese ion is either Mn™ or Mn™. In the second
part of this work (Section 4), we then considered the influence of
Pt(n) adsorbed on the carbon substrate on the chemical
stability, in the acidic fuel cell environment, of the non-noble
MnN,/C sites in the immediate vicinity of the Pt(n)-clusters/
NPs adsorbed on graphene. Finaly, after the stability consider-
ations of the first and second parts of this work, we also devoted
in the third part (Section 5) a section to reviewing the literature
concerning the advantages, for the same Pt(n)-MnN,/C hybrid
catalysts, but this time in terms of catalytic activity.

2. Computations and results obtained
for the binding (adsorption) energy of
Pt clusters and Pt nanoparticles at

a single carbon vacancy of graphene
and N-doped graphene

In this section, we will first determine the cohesion energy and
the electronegativity of isolated Pt clusters and isolated Pt

This journal is © The Royal Society of Chemistry 2025
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nanoparticles before establishing contact between these Pt
clusters/nanoparticles with a single carbon vacancy in a gra-
phene plane. This will be followed by N-doping (either graphitic
or pyridinic N doping) in the graphene plane and determining
the effect of these dopants onto the adsorption (binding) energy
of Pt clusters/nanoparticles.

2.1. Determination of the size, the mean coordination
number, the cohesion energy, the ionization potential, the
electron affinity and the electronegativity of isolated Pt
clusters/nanoparticles

An estimation of the size (outer radius R) of Pt metal clusters/
nanoparticles was carried out using Section S1, ESI eqn
(S1)-(S4).T Then, the mean coordination number, CN, of Pt
atoms in these Pt metal clusters/nanoparticles was obtained
using ESI eqn (S5) and (S6).T The cohesion or binding energy,
BEp,, per atom of Pt, the values of ionization potential, IPp ,
and electron affinity, EAp,, for several sizes of platinum
clusters and platinum nanoparticles, were assessed using the
formulas presented in Section S2, eqn (S7)-(517).1 The eqn
(S16) and (S17)7 were used for the calculations of Pt clusters/
nanoparticles' ionization potentials and electron affinities.
Eqn (S18)} was applied to determine Pt-Pt bond energy
values in clusters and nanoparticles of platinum. The results
of these calculations are summarized in Table 1. As can be
seen from Table 1, the assessed electronegativities of Pt
clusters and nanoparticles, yp;, increase slightly with
increasing the number of atoms in Pt clusters/nanoparticles.
The mean value of the electronegativity (1.69 eV'/?) is very
close in magnitude to the electronegativity of Pt atom, 1.72
eV'2, in Allen’s scale of electronegativity (usually expressed
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in eV).”® Note that the conversion of yyuiiken, (the electro-
negativity expressed in Mulliken's units, V) into ¥ pauling, (the
electronegativity expressed in Pauling's units, ev*?), was
carried out using Fig. 8 from ref. 54. Considering Ep" p,, re-
ported in the last column of Table 1, two particular regions
can be distinguished: (i) the first one highlighted in bold and
going from (Pt, to Pt, 3 clusters) is a region where the values of
Pt-Pt bond energy is practically constant, taking into account
the incertitude of the calculations mainly caused by an
approximate estimate of the mean coordination numbers;
and (ii) the second, where a progressive decrease in binding
energies is observed. In the first region, the mean value (1.64
eV) of data highlighted in bold, corresponds to the energy of
an ordinary Pt-Pt bond. In the second region, the values of
Pt-Pt bond energy are gradually approaching their limit that
is the Pt-Pt bond energy in bulk platinum, which is equal
(eqn (S18)t) to: 2 x 5.86/12 = 0.98 eV. The extent of the
observed regions correlates well with the structural rear-
rangements in the clusters and nanoparticles of platinum,
namely, at cluster size of approximately n = 19 (where
a structural transition from triangular clusters to icosahedral
ones occurs) and at cluster size of approximately n = 38
(where the structural transition to face-centered cubic-like
clusters occurs).”

2.2. Estimation of the adsorption (or binding) energy of
a single Pt atom, of a small Pt-cluster and of a nanoparticle at
a single graphene vacancy

According to ref. 56: (i) Pt atoms and small Pt clusters appear to
be stabilized, and thus rendered immobile by interaction with
defects within a graphene lattice and N-dopants, (ii) the specific

Table 1 Calculated mean coordination number (CN), ionization potential (IPpy,), electron affinity (EAp ). electronegativity (xp, ). binding energy
per atom of Pt (BEp ). and Pt—Pt bond energy (B &) for several platinum clusters and platinum nanoparticles as a function of their size

Cluster/nanoparticle

and its size/nm CN  IPp /eVeqn (S16) EAp /eVeqn (S17) yp /eV'* eqn (S9) BEp /eV eqn (S14)  Ep" ,/€V eqn (S18)
Pt, 1 8.42 1.69 1.60 1.59 3.18
Pt, 2 8.16 2.14 1.63 2.13 2.13
Pt, 3 7.99 2.43 1.64 2.47 1.65
Pt; 3.5 7.88 2.63 1.66 2.71 1.55
Pts 3.6°  7.79 2.78 1.66 2.90 1.61
Pt, 3.7 771 2.91 1.67 3.05 1.65
Pty 3.8  7.66 3.01 1.68 3.17 1.67
Pty 3.9°  7.60 3.10 1.68 3.27 1.68
Pt;/0.9¢ 4.2° 7.56 3.17 1.69 3.36 1.60
Pt;,/1.0¢ 42b 749 3.29 1.69 3.51 1.67
Pt;3/1.1¢ 43> 7.46 3.35 1.70 3.57 1.66
Pt;o/1.2¢ 4.9 7.33 3.57 1.71 3.84 1.57
Pt,o/1.24 5.0°  7.31 3.60 1.71 3.88 1.55
Pt3o/1.47 59°  7.19 3.81 1.72 4.13 1.40
Pt;o/1.57 6.8 7.12 3.93 1.73 4.27 1.25
Pt;5/1.67 7.3°  7.04 4.08 1.74 4.45 1.22
Pty00/1.97 8.4° 6.91 4.29 1.75 4.70 1.12
Pt,50/2.3% 9.3° 6.84 4.41 1.76 4.85 1.04

1.69 + 0.08 (the mean value)

“ Approximately the mean value between data from ESI Table $1 and calculated using ESI eqn (S5). ? ESI eqn (S5). © ESI eqn (S6). ¢ ESI eqn (S1) and (S4).

This journal is © The Royal Society of Chemistry 2025
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Pt density obtained with the N-doped graphene samples varied
among the locations on the graphene sheets, as a result of the
local variations in defects in the graphene lattice, the N-dopant
concentration and the N-dopant site distribution.

The adsorption (binding) energy of Pt clusters (under stan-
dard thermodynamic conditions), as a measure of the adhesion
strength, can be assessed by applying the Hess' law commonly
used in thermochemistry, namely, as the difference between the
formation energy of the complex Pt,/graphene and the energy of
Pt,, cluster's formation:

E.q= Ef(Ptn'“Gr) - Ef(Ptn) (1)

where E¢Pt,--Gr) is the formation energy of the complex Pt,/
graphene and E{Pt,) is the formation energy of Pt, cluster.

The formation energy of a Pt cluster is determined by
multiplying its Pt-Pt bond energy (sixth column in Table 1) by
the number of atoms in this cluster, assigning a minus sign to
the result (because the process of a cluster/nanoparticle
formation is accompanied by the release of this energy). The
formation energy of a graphene/Pt, complex is calculated by
applying the well-known additivity rule for determining stan-
dard enthalpies of formation of compounds (that is, more
specifically, summing the values of Pt-C and Pt-Pt bonds energy
in the complex), and also assigning a minus sign to the result.

A schematic illustration of the Pt, cluster bound to a single
vacancy in graphene is presented in Fig. 1.

Quantum chemical calculations, carried out in ref. 57,
showed that for a Pt atom at a single graphene vacancy, the
adsorbate binds to the vacant site by forming three Pt-C bonds.
The Pt atom is, however, located out of the graphene plane by
about 1.03 A.

Let us present the procedure to estimate the adsorption
energy of small Pt clusters. At first, we started by determining
the Pt-C bond energy, a value that was calculated using eqn
(s21),f to be equal to 242.7 k] mol ' or 2.51 eV (1 eV =
96.485 k] mol ') in agreement with the calorimetric value® of
245 kJ mol~". Here, the following input data have been used:
Epe_pi= 1.64 eV (158.2 k] mol ') (Table 1, the mean value of data
highlighted in bold), and yp = 1.69 eV" from Table 1; Eq_¢ =
357.3 k] mol " from ref. 59 and y¢_ = 2.02 eV"'* (Section S3 in
ESIT). Further, by assuming that a single Pt atom forms three

Fig.1 Schematicillustration of Pt, cluster bound to a single vacancy in
the graphene/graphitic surface.
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Pt-C bonds (Fig. 1), it is found that the adsorption energy, E.q,
of a single Pt atom to a single graphene vacancy is equal to
—7.53 eV, the value that is in a fairly good agreement with
results from quantum chemical calculations (—7.10 eV (ref. 57)
and —7.45 eV (ref. 60)). Then, considering the formation energy
of —(2 x 1.59 = —3.18 eV) for a Pt, cluster (Table 1), an E,q value
of —(3 x 2.51 +1 x 1.64 — 3.18) = —5.99 eV was obtained for
a Pt, cluster. Comparing this result with data of quantum
chemical calculations of —5.36 (ref. 57) and —6.93 eV, one can
see that our estimation is in line with the cited values. For Pt;
and Pt,, the values of E,q were found equal to (detail the
calculation like above) = —6.06 and (detail the calculation like
above) = —7.49 eV, respectively, in a fairly good agreement with
data of ref. 60 (Table 2).

Considering now larger Pt clusters and Pt nanoparticles, it
was assumed that the Pt atom at the vacant site (Fig. 1) anchors
the remaining part of the cluster (not shown in Fig. 1) with the
help of three Pt-Pt bonds, thus acquiring a coordination
number equals to six (one of the typical coordination numbers
of Pt in coordination compounds). Beginning from Pt;q, in
calculations, instead of the Pt-Pt ordinary bond energy value
(1.64 eV), the reciprocal mean of 1.64 eV and Pt-Pt bond's
energy from the last column of Table 1 was used. For the
anchored clusters' residue, the corresponding value of Pt-Pt
bond energy from Table 1 was used. This calculation scheme is
justified by the following considerations.

In the coordination polyhedron, formed by Pt-Pt and Pt-C
bonds, the more ionic Pt-C bonds that are in a trans position to
Pt-Pt bonds, experience the so-called trans-effect (well-known in
coordination chemistry).®* A consequence of this is an elonga-
tion of the more ionic Pt-C bonds (since the electronegativity of
a carbon atom (Table 5) is greater than the electronegativity of
a Pt atom) and, accordingly, a decrease in their energy. The
opposite picture is observed for Pt-Pt-bonds, and these bonds,
will be different in their properties from the Pt-Pt bonds in the
rest of the cluster. Further, referring to the covalent-ionic
resonance theory, Allen® showed that the energy of a hypo-
thetical bond between A and B atoms is a reciprocal mean of the
energy of single homonuclear A-A and B-B bonds (in our case,
the Pt atom of the coordination polyhedron plays the role of A
and the Pt atoms in the rest of the cluster play the role of B).
Thus, it becomes possible to apply the principle of the recip-
rocal mean for the estimation of the Pt-Pt bond energy in the
polyhedron.

The number of Pt-Pt bonds in a cluster/nanoparticle was
determined as the quotient of the cluster formation energy
value divided by the Pt-Pt bond energy in the cluster (last
column in Table 1). The calculation of the adsorption energy
(using the data from Table 1) for a Pt;, cluster at a single
vacancy graphene is reported in Section S2.5 of ESIT as a typical
example.

The results of calculations for several clusters and nano-
particles of platinum in comparison with DFT data are pre-
sented in Table 2.

Some conclusions can be drawn from the values of adsorp-
tion energy given in Table 2. First, it should be noted that the
proposed thermochemical method for estimating the energy of

This journal is © The Royal Society of Chemistry 2025
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Table 2 Calculated adsorption energy for several Pt clusters and Pt nanoparticles bound to a single graphene vacancy in comparison with

quantum chemical calculations

Adsorption energy/eV

Number of Pt-Pt Formation energy Formation energy Literature
Cluster, size/nm bonds in the cluster of the Pt, cluster/eV of the graphene/Pt,, complex/eV This work data
Pt, 1 —3.18 —9.12 —5.99 —5.36 (ref. 57)
—6.93 (ref. 60)
Pt; 3 —6.39 —12.45 —6.06 —4.82 (ref. 57)
—6.52 (ref. 60)
Pt, 6 —9.88 —17.37 —7.49¢ —7.27 (ref. 60)
pt, 13 —21.35 —28.85 —7.50% —
Pt 18 —29.43 —37.05 —7.62¢ —
Pt;,/1.0° 26 —42.12 —50.17 —8.05% —
Pty5/1.1 28 —46.41 —53.45 —7.04% —7.29 (ref. 60)
—52.48 (ref. 60)
—55.16 (ref. 61)
Ptio/1.2 46 —72.96 —79.87 —6.91 —
Pt;3o/1.4 88 —123.90 —131.06 —7.16 —
Pt;35/1.4 111 —147.70 —154.47 —6.77 —
Pt3g/1.5 128 —161.88 —169.30 —7.42 —
Pt30/1.5 133 —166.53 —174.29 —7.76 —
Pt100/1.9 420 —470.0 —478.56 —8.56 —
Pt;50/2.3 700 —727.5 —736.21 -8.71 —

“ The mean value of the adsorption energy for Pt, to Pt,; is —7.53 % 0.5 eV. ” The clusters’ size assessment is given in Section S1.1.

adsorption of clusters makes it possible to predict these values
in a fairly good agreement with the data calculated by DFT,
despite the large difference in adsorption energies sometimes
obtained by DFT between two different works, as seen here for
Pt, and Pt;, for instance (last column of Table 2). Further, it can
also be seen that, starting from Pt, and up to Pt;,, a gradual
increase in the adsorption energy (from —5.99 to —8.05 eV) is
observed. The next region, from Pt,; to Pt;s, is characterized by
a constant value of adsorption energy (—7.0 = 0.15 eV),
considering the incertitude in the calculations for these Pt
clusters. Then, in the region from Ptzs to Pt;s59, a gradual
increase of the adsorption energy (from —7.42 to —8.71 eV) is
observed. We suppose that the existence of these regions of
adsorption energy reflects the structural rearrangements of
platinum clusters, already mentioned in Section 2.1.

2.3. Estimation of the adsorption (binding) energy of

a single Pt atom, small Pt-clusters and Pt nanoparticles bound
to a graphitic N-doped or to a pyridinic N-doped single
vacancy at a graphene/graphitic substrate

The schematic representation in Fig. 2a illustrates the situation
when a Pt, cluster is bound to a single vacancy at a (substitu-
tional or graphitic) N-doped graphene/graphitic substrate.
Fig. 2b shows a possible situation occurring when a platinum
atom (ion) of a Pt, cluster in a single vacancy forms one donor-
acceptor bond with a pyridinium atom and two bonds with
carbon atoms of the graphene/graphitic substrate. This
configuration is most likely due to the usually low surface
concentration of nitrogen atoms. These structures can be
formed as an initial stage in the deposition of platinum nano-
particles from aqueous solutions of platinum compounds using

This journal is © The Royal Society of Chemistry 2025

reducing agents. The oxidation state of a central platinum atom
is usually equal to +2.

The calculations for the structure presented in Fig. 2a were
performed in the same way than in the previous case (Section
2.2), except that the electronegativity of a graphitic N-doped
graphene (the level of N-doping is 11.1 at%) was calculated
using the work function ¢ = 3.25 eV.** Using Fig. 1 from ref. 65,
the electronegativity of the substrate was found to be 1.29 eV*/2.
Substituting the latter value into eqn (S21)} yields
245.0 k] mol " (2.54 eV) for Ep_c, which is slightly higher than
in the case of a single graphene vacancy (2.51 eV).

The results of the adsorption energy calculations for several
Pt clusters and Pt nanoparticles bound to a single vacancy at
a N-doped graphene are summarized in Table 3.

There are only small changes in adsorption energy in Table 3
(compared with the same in Table 2), as the Pt cluster size
The intensity of interactions of Pt clusters/
nanoparticles with N-doped graphene (at
a single vacancy) is only slightly stronger compared with that of
Pt clusters/nanoparticles bound to a single vacancy at undoped
graphene. As in both cases the (Ax)? values are close to each
other, this leads therefore (eqn (521)f) to approximately equal
ionic contributions to the Pt-C bond energy. To estimate the
energy of the Pt-N donor-acceptor bond in the structure of
Fig. 2b, we have used eqn (2) (or (S23)1) which is similar to eqn

(S21):+
EPth (kJ molfl) — (EPtfplENfN)l/z +160 |:1 _ 640.29()(“(11) 7XN/Cm)-i|
(2)

where the first and second terms refer to the covalent and ionic

increases.
substitutional

contributions to the Pt-N bond energy, respectively, Ep._p; and
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Fig. 2 Schematic illustration of two situations when: (a) a Pt; cluster is bound to a single vacancy at a (substitutional) N-doped graphene/
graphitic substrate (the graphitic nitrogen atoms are highlighted in blue); and (b) a Pt>* ion is bound to a pyridinic N-doped single vacancy at
a graphene/graphitic substrate (~* is the symbol of a donor—acceptor bond).

Table 3 Calculated adsorption energy for several Pt clusters and Pt nanoparticles bound to a single vacancy of graphitic N-doped graphene

(Fig. 2a)
Number of Pt-Pt Formation energy Formation energy Adsorption

Cluster, size/nm bonds in the cluster of Pt, cluster/eV of graphene/Pt,, complex/eV energy/eV
Pt, 1 —3.18 —9.26 —6.08

Pt; 3 —6.39 —12.54 —6.15

Pt, 6 —9.88 —17.46 —7.58

Pt, 13 —21.35 —28.94 —7.59

Pto 18 —29.43 —37.14 —-7.71
Pt;,/1.0 26 —42.12 —50.26 —8.14
Pty3/1.1 28 —46.41 —53.54 —7.13
Pt;o/1.2 46 —72.96 —79.93 —6.97
Pt;3o/1.4 88 —123.9 —-131.15 —7.25
Pt3o/1.5 133 —166.53 —174.38 —-7.85
Pt100/1.9 420 —470.0 —478.65 —8.65
Pt;50/2.3 700 —727.5 —736.31 —8.81

En_n are the energies of homonuclear ordinary Pt-Pt (1.64 €V or
158.2 k] mol ") and N-N (156.3 k] mol ™", ref. 59) bonds; xpuw
and xn/c, are the electronegativities of the divalent platinum
atom (1.90 eV'?, ref. 66) and pyridinic N-doped graphene (2.13
eV'/?), calculated by substituting the value of ¢ = 4.83 eV** into
eqn (S19).1 A value of 159.6 k] mol ™" (1.65 eV) was obtained for
the Pt-N coordination bond energy, comparing with the value of
156.4 k] mol™* found in the literature.”” As can be seen, this
value is significantly lower than the bond energy of Pt-C
(242.7 kJ mol ") obtained in Section 2.2. If a single platinum
atom (ion) was forming three coordination Pt-N bonds (a rare
situation, due to the usually low surface concentration of
nitrogen atoms), the obtained adsorption energy value in that
case would be —4.95 eV, in a good agreement with the DFT
result of —4.89 eV.”” Concerning Pt-C bond, it was found (eqn
(S21)1) that the bond energy value was 246.5 k] mol " (2.55 eV).
Then, considering the configuration given in Fig. 2b, and
similarly to what was done in Section 2.2, the adsorption energy
for several Pt clusters and Pt nanoparticles were calculated. The
obtained results are summarized in Table 4.

24854 | J Mater. Chem. A, 2025, 13, 24849-24867

Table 4 shows that the dependence of the adsorption energy
on the number of atoms in a cluster remains the same as in
previous cases. However, the adsorption energy for a series of
small clusters is significantly less than in the case of a graphitic
N-doped single vacancy graphene. It is only when the size of the
cluster increases that this difference gradually decreases, as the
values of adsorption energy are then approaching the value of
the adsorption energy for a graphitic N-doped graphene. This
convergence of adsorption energies is explained by the fact that
for large clusters the contribution of the cohesion energy to the
adsorption energy begins to prevail.®®

3. Effect of Pt, clusters on the
energetics of Mn—N and Pt—C bonds in
the modelled Pt,-MnN,/C sites

The purpose of the modelling was: (i) to find out, considering
the energetics of Pt—-C and Mn-N bonds, if there is an interac-
tion (through a system of conjugated 7-C-C bonds) between

This journal is © The Royal Society of Chemistry 2025
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Table 4 Calculated adsorption energy for several Pt clusters and nanoparticles bound to a pyridinic N-doped single vacancy graphene (Fig. 2b)

Number of Pt-Pt Formation energy Formation energy Adsorption
Cluster, size/nm bonds in the cluster of the cluster/eV of the complex/eV energy/eV
pt, 1 —3.18 —8.39 —-5.21
Pt; 3 —6.39 —11.67 —5.28
Pty 6 —9.88 —16.59 —6.71
Pt 13 —21.35 —28.07 —6.72
Ptgy 18 —29.43 —36.27 —6.84
Pt;,/1.0 26 —42.12 —49.39 —7.27
Pty5/1.1 28 —46.41 —52.67 —6.26
Ptio/1.2 46 —72.96 —79.06 —6.10
Pt;3o/1.4 88 —123.9 —130.26 —6.36
Pt3o/1.5 133 —166.53 —173.49 —6.96
Pty00/1.9 420 —470.0 —477.76 -7.76
Pt;50/2.3 700 —727.5 —735.42 -7.92

a MnN;, site integrated into a graphene or a graphitic surface,
and Pt, (n = 2) clusters, located at some distance from the
MnN, site on the same surface; and (ii) to estimate the ther-
modynamic stability in an acid environment at 353 K (the
running PEM fuel cell temperature) of the modelled MnN, site
in comparison with its stability in absence of the adsorbed Pt,
cluster. Fig. 3a shows the hybrid Pt,-MnN(,.,)/C site (as
a particular case) in which a Pt, cluster (adsorbed on a single
vacancy) is located in close proximity of a MnN,,,)/C site (the
Mn oxidation states are +2 or +3), while the demetallated form
of the hybrid site is depicted in Fig. 3b.

Fig. 4a shows the modelled hybrid Pt,-MnN4.,)/C site (also
as a particular case) in which a Pt, cluster (adsorbed on a single
vacancy) is located at some distance from MnN,,,)/C site (the
Mn oxidation states are +2 or +3), while the demetallated form
of the hybrid site is depicted in Fig. 4b.

The Sanderson-Boudreaux method (see Section S5 of ESIY)
was applied to determine the charge distribution on the atoms
of interest and the Pt-C and Mn-N bond energy in the modelled

sites. Partial charges on atoms were calculated with eqn (528).F
The fractional ionic character of Pt and Mn atoms was deter-
mined using eqn (S29).1 The method of Gray and Hercules® was
applied to find the equalized electronegativity, xm, of the
modelled sites; namely, the structure shown in Fig. 3a, was
considered to consist of Pt,C; and MnN,Cg groups conjugated
to the graphene lattice, C,,. The electronegativity of Pt,, as
a chemical group, x,(Pt,), was taken, following the Sanderson
principle of the full equalization of electronegativities,* equal
to \/Xpt X Xpt, L€, to the electronegativity of the Pt atom. The
same Sanderson principle was equally applied to the determi-
nation of x,(Cp,) for a graphene or graphitic lattice and Pt, (n >
2) clusters/nanoparticles. An illustrative calculations of charge
distribution on atoms, and Pt-C and Mn-N bond energies in the
modelled hybrid Pt,-Mn""N,/C site of Fig. 3a of the main text is
detailed in Section S6 of ESL.}

In the case of the site shown in Fig. 4a, besides the already
mentioned chemical groups, the presence of two NC; groups in
the second coordination sphere of Mn was also considered. The

Fig. 3 Schematic illustration of: (a) an hybrid Pto-MnN,2)/C site, with Mn = Mn2* or Mn** and 4 pyridinic N characterizing the MnN242)/C site
integrated into a graphene or a graphitic sheet and (b) its demetallated form. H* is the hydrogen ion substituting manganese ions (Mn* or Mn®*)
in the demetallated site. 4 and .-~~~ are the symbols of the donor—acceptor and the hydrogen bonds, respectively.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Schematic illustration of: (a) an hybrid Pt;-MnN4.2)/C site, with Mn = Mn?* or Mn®** and 4 pyridinic N plus 2 graphitic N in a hexa-aza
configuration characterizing the MnN4.,)/C site integrated into a graphene or a graphitic sheet and (b) its demetallated form. .~ is the symbol of

the donor—acceptor bond.

bond energies of Pt-C and Mn-N in the modelled hybrid elec-
trocatalytic sites were calculated using ESI eqn (S24), (S28) and
(529).T The input data needed for the calculations are given in
Table 5.

The results of the determination of the partial charges on
atoms and Pt-C and Mn-N bond energies in the modelled Pt,-
MnN,/C hybrid sites (Fig. 3a and 4a, Mn oxidation states are +2
or +3) are summarized in Table 6. It is important to note here
that, in view of the above-mentioned Sanderson principle of
electronegativity equalization for Pt clusters/nanoparticles, the
results of calculations, given in Table 6, are equally applied for
hybrid Pt,-MnN,/C sites with n > 2. Note also that the inter-
atomic distance of 2.1 A for Pt-C was estimated, using the well-
known Shoemaker-Stevenson's formula.”” The value of 2.0 A for
the interatomic Mn-N bond distance was borrowed from ref. 49.
The results of the calculations of the partial charges on atoms of
nitrogen and manganese support the point of view of the
authors of the work* that the MnN,/C sites are centers of
specific adsorption of Pt ions formed as a result of electro-
oxidation of Pt clusters. Apparently, nitrogen atoms carrying
a negative charge will adsorb Pt cations, and manganese atoms,
carrying a positive charge, will adsorb oxo-anions of Pt (specif-
ically, [PtsOg]'” units”). Such adsorption may entail the
following reactions:

2Pt + [PtsOs]*™ = 8PtO (3)
PtO + 2H" = P** + H,0 (4)

Thus, the local accumulation of Pt** ions near Pt nanoparticles
(NP) will occur, which, according to the idea of the authors of
work,*® leads to the inhibition (the standard electrode potential
of Pt/Pt>" pair at 298 K is equal to 1.19 V) of the dissolution
processes of Pt clusters/nanoparticles.

As can be seen from Table 7, the adsorption energy (as
a measure of the adhesion strength) of Pt clusters/nanoparticles
is significantly larger than in the case of a graphitic N-doped
single vacancy graphene and a pyridinic N-doped single
vacancy graphene (Section 2.3). The same values will be
observed in the case of hybrid Pt,-Mn""N,/C sites, due to the
proximity of Pt-C bonds energy to the same in Pt,-Mn""'N,/C
sites (Table 6).

Fig. 5 summarizes the changes in adsorption energy for Pt(n)
vs. (n) on the graphene carbon support in various structural
doping configurations of the carbon support.

The more negative the adsorption energy, the more
exothermic the adsorption of Pt(n) on graphene, and the better
the Pt(n)-cluster/NP will be retained on the graphene plane.
Fig. 5 shows that the best cases are represented by the two

Table 5 Input data for the calculations of charges on atoms and the Mn—N and Pt—C bonds energy in Pt,-MnN,/C hybrid catalysts

C N Pt Mn(™ Mn(™
Electronegativity in Sanderson scale,> 2.746 3.194 2.14° 1.75° 2.20°
unitless
Covalent radius, A (ref. 59) 0.772 0.734 1.377 1.36° 1.28°
Ordinary homonuclear bond 357.3 156.3 158.2 121.0 & 295

energy”® k] mol™*

“ Calculated with a value of 5.54 eV (Mulliken units) from ref. 70 into eqn (10b) given in ref. 71. * Sanderson electronegativity for di-valent state of
Mn taken as the intermediate value between 1.66 (ref. 72) and 2.1.” ¢ Sanderson electronegativity’ for three-valent state of Mn. ¢ Pt covalent radius™
for coordination number equals to 4. ¢ Covalent radius’ of Mn for di-valent and three-valent states, respectively./ From Table 1 in the main text.
¢ Ref. 74 (Chapter 2, Table 2.3). Here we adopted the incertitude recommended by Gingerich.”®

24856 | J Mater. Chem. A, 2025, 13, 24849-24867 This journal is © The Royal Society of Chemistry 2025
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Table 6 Determination for Fig. 3a and 4a of the partial charges on atoms and the bond energies for Pt—C and Mn—N in several hybrid Pto-MnN,/
C sites (Mn oxidation state is +2 or +3). The Pt oxidation state was assumed to be equal to zero, as in the case of large Pt clusters

Fig. 3a charge on atoms (in the frame of the Sanderson-Boudreaux method)

C (Pt-C-N chaine) C (Pt-C-C chaine) N (MnN,Cg group) Pt (Pt,C; group) Mn (MnN,Cg group)
Mn2+ Mn3+ Mn2+ Mn3+ Mn2+ Mn3+ Mn2+ Mn3+ Mn2+ Mn3+
—0.015 —0.013 —0.043 —0.042 —-0.171 —0.142 +0.172 +0.174 +0.406 +0.242

Bond energy values/k] mol ™"

Pt-C Mn-N
Calculated Calculated Literature data*®
Pt-Pt (ordinary bond) Mn** Mn** Calorimetric data® Mn** Mn** Mn** Mn**
158.2 (SeCtiOH 2.1) 270.8 270.8 245.0 263.2 £ 14 227.7 £14 215.8 £ 6 219.7 £ 6
242.7¢

Fig. 4a charges on atoms (in the frame of Sanderson-Boudreaux method)

C (Pt-C-C chaine) N (MnN,Cg group) N (NC; group) Pt (Pt,C; group) Mn (MnN,Cg group)
Mn2+ Mn3+ Mn2+ Mn3+ Mn2+ Mn3+ Mn2+ Mn3+ Mn2+ Mn3+
—0.038 —0.055 —0.165 —0.148 —0.106 —0.098 +0.179 +0.180 +0.411 +0.246

Bond energy values/k] mol ™"

Pt-C Mn-N
Calculated Calculated Literature data*®
Pt-Pt (ordinary bond) Mn** Mn** Calorimetric data®® Mn** Mn** Mn** Mn**
158.2 (SeCtiOH 2.1) 273.1 278.7 245.0 262.4 + 14 238.3 £ 14 215.8+6 219.7 £ 6
242.7¢

“ The value from Section 2.2.

curves shown in Table 7, which illustrate the effect of the significant in the case where MnN,/C is either Mn™" " "IN(,,,)/C
presence of a non-noble MnN,/C site in the vicinity of the Pt(n) or Mn" ° "N(,,,)/C. Fig. 5 also shows various regions in the
cluster/NP. The influence of the substrate on Pt(n) is particularly graph representing the different structural shapes (triangular,

Table 7 Determination of the adsorption energy of several Pt clusters and nanoparticles in the modelled hybrid Ptn—Mn( )NX/C sites at a single

graphene vacancy

Ptn—Mn(III)N(Z+Z]/C site Fig. 3a Ptn—Mn(III)N(4+2)/C site Fig. 4a
Formation

Cluster, Number of Pt-Pt energy Formation energy Adsorption Formation energy Adsorption
size/nm bonds in the cluster of the cluster/eV of the complex/eV energy/eV of the complex/eV energy/eV
Pt, 1 —3.18 —10.07 —6.89 —10.31 —7.13

Pt; 3 —6.39 —13.35 —6.96 —13.59 —7.20

Pty 6 —9.88 —18.27 —8.39 —18.51 —8.63

Pt, 13 —21.35 —29.75 —8.40 —29.99 —8.64

Pty 18 —29.43 —37.95 —8.52 —38.19 —8.76
Pt;,/1.0 26 —42.12 —51.07 —8.95 —51.31 -9.19
Pty5/1.1 28 —46.41 —54.35 —7.94 —54.59 —8.18
Pty/1.2 46 —72.96 —80.74 —7.78 —80.98 —8.02
Pt;/1.4 88 —123.9 —131.96 —8.06 —132.20 —8.30
Pt3o/1.5 133 —166.53 —-175.19 —8.66 —175.43 —8.90
Pt100/1.9 420 —470.0 —479.46 —9.46 —479.70 —9.70
Pt;50/2.3 700 —727.5 —737.12 —9.62 —737.36 —9.86

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 24849-24867 | 24857
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Fig. 5 Adsorption energy of several Pt(n)-clusters/NPs bound to: (a)
a single graphene vacancy (Table 2; black filled squares); (b) a single
vacancy of graphitic N-doped graphene (Table 3; open blue circles);
(c) a pyridinic N-doped single vacancy graphene (Table 4; filled blue
triangles); (d) a Mn™ °" W, 5)/C site (Table 7 (4 + 2); filled green
triangles) or a Mn" ° (N, /C site (Table 7 (2 + 2); open green
circles).

icosahedral and face-centered cubic) that Pt(n)-clusters or NPs
take on when (n) is increased from 4 to 150 Pt atoms.

Thus, by comparing the bond energy values from the litera-
ture for Pt-C and Mn-N and the results of the calculations
performed in this work, it can be seen that: (i) an interaction
exists between Pt, or Pt, clusters (n > 2) and MnN,/C and (ii) this
interaction is favorable in the sense that a remarkable
strengthening of both Pt-C and Mn-N bonds occurs. As
consequence, MnN,/C sites increase the adhesion strength of
Pt(n) on a carbon substrate (Table 7 and Fig. 5) and, in return,

View Article Online
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Pt(n) stabilizes MnN,/C towards demetallation in strongly acidic
fuel cell media (Section 4). However, even if the presence of Pt
nanoparticles near a site such as MnN,/C stabilizes this site
towards demetallation, it is well known that such molecular
sites do not have the same stability as platinum at the cathode
of PEM fuel cells.” This raises the question of what would
happen to the adhesion of Pt(n) on a carbon substrate in the
vicinity of a molecular site such as MnN,/C once Mn had left the
site. As can be seen in Table 8 (compared with the same from
Table 6), the calculations show that demetallation of MnN,/C
sites in the vicinity of Pt(n) has very little effect on the energy of
the Pt-C bond under the influence of the demetallated forms of
the modelled sites (Fig. 3b or 4b). This means that the adhesion
of platinum clusters should not undergo changes in these
conditions.

As can be also seen from Table 8, the hydrogen ion (see
Fig. 3b) carries, according to the calculations, a large negative
charge of —0.565. This unexpected result is justified if we
assume that the lone electron pairs of the nitrogen atoms
transfer part of their electron density to the hydrogen ion, so
that the rule of electroneutrality for first coordination sphere of
the hydrogen ion is fulfilled: 4 x |+0.140| = |—0.565|. Further-
more, one can suppose that platinum cations, formed as
a product of the electrochemical corrosion of platinum in the
PEM fuel cell* at a potential >0.6 V, would be adsorbed in the
vicinity to the hydrogen ion, leading in the end to the replace-
ment of the hydrogen ion by a platinum ion due to its higher
charge and the ability to form four Pt-N donor-acceptor bonds.
Then, considering Fig. 4b, we can also suppose that a platinum
cation, like a manganese cation, will also be able to form
a similar moiety (Pt,-PtN(4:,)/C). Finally, taking into account
that “single-pyridinic-nitrogen-atom-anchored single-platinum-
atom centers” (ref. 81) are durable and highly active for the
oxygen reduction reaction and that the adhesion of platinum

Table 8 Determination for Fig. 3b and 4b of the partial charges on several atoms and the bond energy for Pt—C in the demetallated forms of the

modelled sites

Fig. 3b charges on atoms and Pt-C bond energy (in the frame of the Sanderson-Boudreaux method)

Pt-C bond energy, k] mol "

C C N ([H]"+"N,Cg [H]" ([H]"-N,Cg Pt Table 6
(Pt-C-N chain) (Pt-C-C chain) group)® group) (Pt,C3 group) Calculated (Fig. 3a)
—0.005 —0.034 +0.140 —0.565 +0.183 269.3 270.8 (Mn*")

270.8 (Mn*")

Fig. 4b charges on atoms and Pt-C bond energy (in the frame of Sanderson-Boudreaux method)

Pt-C bond energy, k] mol ™"

Table
C (C-Pt-C chain) N (NC; group) N (HNC, group) H (HNC, group) Pt (Pt,C; group) Calculated 6 (Fig. 4a)
—0.035 +0.057 —0.113 +0.043 +0.182 272.7 273.1 (Mn2+)

278.7 (Mn*")

“ The electronegativity of [H'] cation is equal to 6.8 in the Sanderson scale of electronegativity.*

24858 | J Mater. Chem. A, 2025, 13, 24849-24867
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clusters should not undergo changes, this all correlates well
with the fact that a membrane electrode assembly (MEA) with
the Pt/Mn-N-C cathode catalyst, which was able to generate
1.41 Acm 2 at 0.7 V, still retained 1.20 A cm > (i.e. 85%) after up
to 150 000 AST's voltage cycles, as mentioned in the literature.*

4. Thermodynamic aspect of the
chemical stability of the modelled Pt,-
MnN,/C hybrid sites (Mn = Mn?* or
Mn3+)

As it was mentioned in the introduction, the criterium of
chemical stability of the MnN,/C sites could be the equilibrium
constants of demetallation reactions at temperature of 353 K
(the temperature of running PEM fuel cells).

The following thermodynamic relation®* was used to calcu-
late the values of equilibrium constants, K., of the demetalla-
tion reactions (acid leaching of manganese ions) of the MnN,/C
sites of Fig. 3a and 4a:

In K. = —A.GY/RT (5)
where A,G? is the Gibbs free energy of demetallation reactions,
R is the universal gas constant and 7 is the temperature in K.

AGY = A Hds — TAS%s (6)

where AHJos, and A 89 are the standard enthalpy and stan-
dard entropy changes at 298 K in the demetallation reactions.
These quantities are usually calculated using the Hess' law®
(the first method) as the difference between the values of
standard enthalpies of formation (or between the values of
standard entropy, respectively) of the products and the reactant
parts of the reactions. The same calculations can also be carried
out using the energies of chemical bonds® (the second
method). Since, in our case, the values of standard enthalpies of
formation of the modelled electrocatalytic sites are unknown,
we have used the combination of two methods.

Equations for the reactions of demetallation of the sites of
Fig. 3a are the following:

Ptz-Ml’l(ll)N(2+2)/C,s + Haq+ = Ptz-(H+)N(2+2)/C,S + 1\/[l'laq2+ (7)
Ptz-Mn(HI)N(2+2)/C,S + Haq+ = Ptz-(H+)N(2+2)/C,S + Mnaq3+ (8)

When reactions (7) and (8) occur, four Mn-N bonds (Fig. 3a) are
broken and an H' ion replaces the Mn ions with the formation
of four H"---N bonds (Fig. 3b), releasing, respectively, Mn>" or
Mn*" ions. Thus, the expression to calculate the enthalpy
change of reaction (7) has the following form:

A HYos = [AcH39sMn,g™" + (=4 x Egr...n)] — [AcH39sHag "
+ (=4 x EpmnN)] ©)

where AgH5osMn,o>", AHoogHaq", En..n and Eypn.n are the
standard enthalpy of formation of Mn>* and H" ions, and H"--N

This journal is © The Royal Society of Chemistry 2025
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and Mn-N bonds energy, respectively. A similar equation will be
valid when the Mn oxidation state will be +3.

Equations for the reactions of demetallation of the sites of
Fig. 4a are the following:

Pt,-Mn""Ng42/C.s + 2H,," = Pty-HyN(412)/C,s + Mn,,>* (10)
Pto-Mn""N415/C.s + 2H,q" = Pto-HyNg2/Cys + Mn,>* (11)

When reactions (10) and (11) occur, four Mn-N bonds (Fig. 4a)
are broken and it is accompanied by the formation of two N-H
bonds and the release of Mn,,*" or Mn,,*" ions, respectively.
The equation to calculate the enthalpy change during the
reaction (10) is as follows:

A Hjg = [Ang98Mnaq2+ + (=2 x Enp)] — [Ang98Haq+

+ (=4 x EnnN)] (12)

A similar equation will be valid when the Mn oxidation state
will be +3.

The standard enthalpies of formation and standard entro-
pies of H,q" and Mn,,>" and Mn,’" ions participating in the
acid leaching reactions of manganese ions are tabulated.® The
values of Ex_y = 382.3 kf mol™ " and Eyy...y = 195.0 + 6 k] mol™*
were borrowed from ref. 49. The standard entropies of the
frameworks appearing in Fig. 3 and 4 were estimated using the
Glasser and Jenkins correlation equation:®*

S%s (J K~' mol™!) = 774V,, (nm® per molecule) + 57  (13)
where V,, is the molecular volume. The volume, V,,, has been
assessed by the summation of the atomic contributions taken
from (ref. 85). The input data needed for calculations of the
equilibrium constants of reactions (7), (8), (10) and (11) are
summarized in Table 9.

Based on the information presented in Table 9, it was
possible to calculate the thermodynamic parameters
(AHs, ASSos, A.GY) of reactions (7), (8), (10) and (11) (Table
10). Considering the values of the Gibbs free energy of the
reactions of demetallation in the Table 10, it is important to
note that all the hybrid PtZ-Mn(H)Nx/C sites, with divalent
manganese, turned out now to be thermodynamically stable,
while the same Mn"™N,/C sites, in the absence of adsorbed Pt,
cluster, are all thermodynamically instable!* As can also be
seen, the PtZ-Mn(IH)N(MZ)/C site with 4 pyridinic N and 2
graphitic N in a hexa-aza configuration should demonstrate an
extremely great thermodynamic stability. Although the ther-
modynamic parameters of Mn leaching reactions given in the
Table 10, are referred to the modelled Pt,-Mn,/C sites, these
values, due to the fact that Pt atoms do not participate in the Mn
leaching reactions and taking into account the above-
mentioned Sanderson principle of electronegativities full
equalization, will also be valid for the reactions involving the
Pt,-Mn,/C sites with n > 2.

Using the values of equilibrium constants, the amount of Mn
ions leaching from the modelled electrocatalytic sites in an acid
medium in equilibrium conditions can be estimated based on
the following facts and assumptions: (i) the experimentally
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Table 9 Thermodynamic constants of ions and Pt,-MnN,/C sites and their demetallated forms (Mn = Mn2* and Mn**)

S59s, ] K~ mol ™%, of Pt,-MnN,/C sites and their demetallated forms (Mn
= Mn”* and Mn*")

Ton A¢Hbog, k] mol ™ S508, J K~ mol™* Mn?* Mn** Demetallated form
H,' 0 0 617.1° 617.1 596.5"
925.4° 925.4° 908.4°
Bond energy, k] mol '
Mn,,** —220.5 + 2.1¢ —66.9% Mn-N bond energy, kJ mol " H'N N-H
Mn,q** ~100.4* —213.4° 263.2 + 14* 227.7 + 14* 195.0 = 6 382.3
262.4 £ 14° 238.3 £ 14°

“ Ref. 82. ? The sites of Fig. 3a and b, respectively.  The sites of Fig. 4a and b, respectively. ¢ Table 6, data referred to Fig. 3a. ¢ Table 6, data referred

to Fig. 4a.” Ref. 49.

Table 10 Summary on thermodynamics of Mn-ions leaching from several modelled hybrid sites

AGY at 298 K K. at 298 K Mn-ion's equilibrium

A Hjog, A9, (in parentheses) (in parentheses) concentration at 298 K (in parentheses)
Site and reaction ~ kfmol™*  JK 'mol™’ and 353 K, k] mol ™" and 353 K and 353 K, mol L ™!
Pt,-MnNp.)/ 52.3 —87.5 83.2 (78.4) 49x10 7 (1.8 x 10" 1.1 x 10 '* (3.8 x 1071
C,s reaction (7)
Pt Mn™N(,. 5/ 30.4 —234.0 113.0 (100.1) 1.9 x 1077 (2.8 x 107¥) 4.1 x 107" (6.0 x 107'¥)
C,s reaction (8)
Pt,-MnNy10)/ 64.5 —83.9 94.1 (89.5) 1.2 x 107" (2.0 x 107'%) 5.4 x 107 (9.2 x 107'%)
C,s reaction (10)
Pt,-Mn N/ 88.2 —230.4 169.5 (156.9) 8.2 x1072° (3.2 x 107%%) 3.8 x 107 (1.5 x 10~ %)

C,s reaction (11)

determined activity of H'-ions in Nafion at 353 K is equal to 2.14
(extrapolated value from ref. 86); (ii) the coefficient of activity of
Mn-ions, due to the very low value of the equilibrium constant,
can be taken equal to 1, meaning that activities of ions are equal
to the concentrations of ions; (iii) the activities of the solid
phases (Pt,-Mn,/C (n = 2) sites and the corresponding deme-
tallated forms) are equal to 1, by definition. Thus, the expres-
sion for the constant of equilibrium, K., in terms of activities (or
molar concentrations, if the coefficient of activity is equal to 1)
has the following form:
(a) referring to the reactions (7) and (8)

Ching (1 =24 or 3+)

K. = 14
anr (14)
(b) referring to the reactions (10) and (11)
Cyvn, (M =24 or 3+
= O ) )

2
{aHuq +:|

where ¢y, o+ and ay,+ are the equilibrium concentration
(mol L") of Mn-ions and activity of hydrogen ions, respectively.
Using these equations, the concentrations of interest of Mn-
ions (mol L") were calculated (Table 10). Although all studied
hybrid sites are quite chemically stable, it is nevertheless
important to note that, for Mn(m)N(zﬂ)/C and Mn(IH)N(4+2)/C the
equilibrium concentrations at 353 K (80 °C) in the absence of

24860 | J Mater. Chem. A, 2025, 13, 24849-24867

Pt, (n = 2) clusters are equal to 8.3 x 10~ " and 8.6 x
10" mol L™, respectively,* while the equilibrium concentra-
tions of the same sites but with a Pt, or Pt, (n > 2) clusters are
now 4.1 x 10~ and 3.8 x 10~>®> mol L™, respectively. This
means that an important role in ensuring high chemical
stability of hybrid sites belongs to two factors, namely, the
presence of adsorbed Pt clusters and graphitic nitrogen in the

graphene lattice (in the hexa-aza configuration).

5. The use of a doped carbon support
(with N or MnN,C, sites) improves the
stability of platinum-based catalysts. Is
this the only advantage?

So far, we have only considered the influence of N-doping of the
carbon support on the stability of Pt catalysts in the highly
acidic environment of PEM fuel cells. We have also discovered
a reciprocal beneficial influence on the stability of Pt catalysts
when these are in the presence, in the same acidic environment,
of non-noble metal active sites (such as MnN,C,, or when Mn is
replaced by Fe, Co or Ni as in ref. 25 and 26) occupying the same
surface area of the carbon support as the Pt nanoparticles.
However, the influence of N-doping of the carbon support and/
or the presence of non-noble metal sites on the same support,
does not stop at the stability of Pt catalysts. There is much more,
as N-doping and/or the presence of non-noble metal sites are

This journal is © The Royal Society of Chemistry 2025
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also responsible for: (i) the distribution of Pt nanoparticles on
the carbon substrate and (ii) the significant increase in Pt mass
activity for ORR in fuel cells. A detailed explanation of the
dopant-induced electronic structure modifications of the
carbon surface of Pt catalysts and their implication in PEM fuel
cells was given in ref. 21 for the N-doping of HOPG, a highly
organized pyrolytic graphite substrate, taken as a model carbon
substrate. This explanation is also adaptable to the case where
there are also MeN,C,-type non-noble metal sites on the carbon
substrate in addition to the N dopants.

Let's return now to the case of the Pt catalyst on N-doped
HOPG substrate. According to the authors of ref. 21, nitrogen
doping the carbon surface increases the density of electron-rich
donor surface states just above the Fermi level of HOPG. These
surface states are defects that can act as heterogeneous nucle-
ation sites for Pt deposition, increasing therefore the nucleation
rate of small Pt nanoparticles that are uniformly distributed on
the carbon substrate if it has been uniformly doped with
nitrogen. The N-doping of HOPG also increases the ORR cata-
lytic activity of the catalyst. This effect is not simply due to the
multiplication of smaller Pt particles instead of fewer larger
ones, but it mainly reflects an improvement of the ORR turn-
over frequency (ToF) on these particles. The ToF enhancement
is indeed induced by some modifications of the d and f bands
levels of the supported Pt nanoparticles, as these levels are
slightly shifted towards higher energies compared to the d and f
band levels of Pt nanoparticles on undoped HOPG.

The slight shift towards higher energy of Pt nanoparticles for
Pt catalysts on carbon or also featuring MeN,C,-type sites on the
surface of this carbon is experimentally accessible by XPS by
measuring the binding energy (BE) at the 4f Pt edge. These
spectra are characterized by a 4f”/* and 4f** doublet (appearing
in an 5/3 ratio of peaks) for each of Pt's oxidation states, i.e.
Pt(0), Pt(2+), and Pt(4+). The most important Pt state for ORR is
Pt(0), which is the Pt metal state on which O, preferentially
adsorbs. Furthermore, it is mainly the BE of Pt(0) 4f”* that will
provide experimental information on the electronic interactions
of Pt with the carbon substrate. It should be noted that the Pt
orbitals involved in oxygen reduction are the 5d orbitals, which
are of lower energy than the 4f orbitals of Pt which are probed by
XPS. This means that changes due to the aforementioned
electronic interactions reflected in the BE value for Pt(0) 4f”
will be small and of the order of a fraction of an eV (whereas BE
for Pt(0) 41"’ is between 71 and 72 eV).

The following ref. 21, 22, 24-26, 29, 31, 32, 34-39, 41, 42 and
44-48 have been collected to obtain information about the
electronic transfer considered in this section. In these studies,
the electro-donation from Pt to the N dopant or to MeN,C, non-
noble ORR active sites located on the carbon support, is iden-
tified as being the cause for the enhanced catalytic activity of
carbon supported Pt nanoparticles on these supports compared
to Pt on undoped carbon supports. In XPS this electro-donation
from Pt is translated into a positive shift in the BE values of all
the Pt 4f peaks. This is because the observed shift in the band
levels may increase the bond strength between Pt metal atoms,
reducing at the same time the potential of Pt metal to form
strong bonds with adsorbed reactants. It is the change in the

This journal is © The Royal Society of Chemistry 2025
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metal-adsorbate bond strength which is a key factor for an
improved catalytic activity. It has indeed been proposed by
Hammer and Nerskov®” that the center of the transition metal
band affects the ability of a catalyst surface (here the surface of
the Pt nanoparticle) to make and break adsorbates bonds (here
in ORR, the bonds between *, the catalytic site on Pt, and the
sequence of adsorbed ORR intermediates: O,, HOO, O, OH, and
H,0) and hence influence the ORR catalytic activity.

The following examples, taken from the list of references
mentioned above, illustrate shifts in the BE of the 4f Pt edge
that involve Pt electro-donation to the nitrogen doping the
carbon support or to non-noble sites that may also be present
on the carbon support.

In the first example (Fig. S17), which shows Pt 4f XPS spectra
for Pt nanoparticles on HOPG (Highly Organized Pyrolytic
Graphite) and N-HOPG (N-doped HOPG), BE of Pt(0) 4f"> =
71.5 eV, while it is 71.9 eV for N-HOPG, i.e., a positive shift of
0.4 eV in BE.** To obtain credible results, it is important to
present the XPS spectrum of a reference carbon (here the
spectrum of HOPG). This is a material like the modified carbon
(here N-HOPG). Although this may seem obvious, it is not often
the case in the literature.

In a second example, it is possible to show the electronic
transfer of Pt to a CoN,C, site.* Fig. S21 shows a superposition
of 4 spectra all showing Pt/RGO (RGO = reduced graphite
oxide). For the top spectrum, only Pt is predominantly metallic
on RGO. The Pt(0) 4/ peak is located at BE = 70.9 eV. This will
be the reference. The following three spectra show how the Pt(0)
4f”" peak evolves with the addition of more and more CoN,C,
sites, which originate from the decomposition of ZIF-67 (a Co
and N precursor). We can see that from the penultimate spec-
trum (3ZIF-67-Pt/RGO), there has been a shift of Pt(0) 4f”* from
BE = 70.9 eV to BE = 71.4 eV, a positive shift of 0.5 eV due to
electronic transfer from the Pt to the carbon support containing
the CoN,C, sites.

In a third example, we would like to mention a particular
case, that of Fig. S3,T reproduced from ref. 44, which shows the
spectra of Pt particles on various non-noble substrates con-
taining Mng, (i.e. MnN,C, sites; SA standing here for single
atom), CoN,C, and NiN,C,. The last two spectra are those of
Pt@ZIF-NC and Pt@K], for which ZIF-NC is the material ob-
tained from the pyrolysis of ZIF-8 (a metal organic framework
synthesized by the reaction of zinc nitrate and 2 methyl imid-
azole). ZIF-NC can be used as a reference for the three catalysts
Pt@Mng,-NC, Pt@Coga-NC and Pt@Nigs-NC. Pt@K], where KJ
is Ketjenblack 600, a conductive carbon black, can also be
chosen as a reference.

If Pt@K] is chosen as reference. The BE of Pt(0) 4f"'> for
Pt@K] is 71.5 eV. This means that all the BEs for the other
catalysts all have negative shifts with respect to Pt@K]J. This is
difficult to explain in the context of this discussion since we
rather expect an electron transfer from Pt to the non-noble
catalytic sites which are, MnN,C,, CoN,C,, and NiN,C,,
respectively, i.e., a positive BE shift from Pt(0) 4f”/* to the higher
energies. The negative shift of BE = 0.45 eV for Pt@ZIF-NC
cannot be understood in this context either, since ZIF-NC is
an N-doped support (after pyrolysis of ZIF-8), which, as we saw
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earlier, would rather call for a positive shift with respect to the
reference (see Fig. S1). However, if we consider Pt@ZIF-NC as
the reference for all NC catalysts, everything can return to
normal. In this case, the addition of further MnN,C,, CoN,C,,
and NiN,C, sites on NC will result in a positive shift in the
spectrum of Pt(0) 4f”'%, which will transfer its electrons to the
three aforementioned sites. In fact, the greatest electron
transfer will be to CoN,C, > NiN,C, > MnN,C,, i.e.: 0.27 eV >
0.17 eV > 0.13 eV, respectively.

The situation can be more complex if the nanoparticles do
not contain pure Pt but are made from an alloy of Pt with a non-
noble metal. When Pt is alloyed with a non-noble metal, the
electronic transfer will be in the other direction, from the less
noble metal (which will end up more oxidized) to the Pt, and the
Pt(0) 4f”? shift will be negative, ie., towards the lower BE
energies. However, the Pt alloy particles can also interact with
the nitrogen doping the carbon substrate on which they are
located, as well as with non-noble sites on the surface of the
same carbon substrate. This specific interaction results in
a positive shift, i.e., towards the higher binding energy of Pt(0)
4f""%, The final shift is obtained from the algebraic addition of
the two interactions.

This is illustrated in the following example, which shows the
dominant effect of a Pt and Fe alloy on the direction of electron
transfer.’® Here, Pt@Fegs-N-C is taken as a reference. This
catalyst is made from ZIF-8 + the adsorption of an iron
precursor, followed by carbonization to give Fegy-N-C (here Fegy
means there are FeN,C, sites on N-C). Pt is then added to Feg-
N-C to give Pt@Fesa-N-C. The top spectrum of Fig. S4F shows
the XPS spectrum of Pt 4f for Pt@Fegs-N-C. The Pt(0) 4f,/, peak
can be seen at BE = 71.9 eV. The bottom spectrum of the same
figure is that of Pty@Fega-N-C. This material was obtained by
heating Pt@Fegy-N-C to obtain an alloy of Pt and Fe (i.e. Pt,),
while retaining a certain presence of Feg,-NC. We can see that
the Pt(0) 4f”'2 peak is now at BE = 71.5 eV, i.e. shifted by 0.4 eV
in the negative direction (that of the lower binding energies)
due to the dominant presence of the Pt-Fe alloy, for which the
Fe in the alloy gives electrons to the Pt, whose BE of the Pt(0) 4f”/
> electrons then decreases.

6. Summary and conclusions

The work presented here is divided into three parts.

In the first part, we investigated the influence of a carbon
substrate (graphene), doped or undoped, on the adsorption
energy (and therefore the stability) of Pt(n)-clusters/
nanoparticles (NPs) that have been grown on this substrate.
For the doping of the carbon substrate, we considered nitrogen
doping, where this atom is substituted for a carbon atom. The
nitrogen dopant is either graphitic or pyridinic. We have also
considered carbon doping with MnN(,,,)/C or MnN(,.,)/C sites
in the immediate vicinity of Pt(n)-clusters/NPs. These non-noble
sites have the potential (like Pt(n)) to reduce oxygen in fuel cells,
and their manganese ion is either Mn™ or Mn™,

In the second part of this work, we then considered the
influence of Pt(n) adsorbed on the carbon substrate on the
stability, in the acidic fuel cell environment, of the non-noble
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MnN,/C sites in the immediate vicinity of the Pt(n)-clusters/
NPs adsorbed on graphene.

Let us now detail the contents of the first part of this work.

In the first part of this work, the first step was to bring the
Pt(n)-clusters/NPs into contact with graphene to determine the
influence of the substrate on the adsorption energy between
Pt(n) and the carbon substrate. The graphene/Pt(n) interaction
is mediated by a platinum atom interacting with three graphene
carbon atoms when this Pt atom occupies a carbon single
vacancy in the graphene plane. The entire Pt(n)-cluster/NP will
be built on this first Pt atom in direct contact with the three
carbon atoms in the graphene plane.

Next, if different dopants on the graphene substrate are
considered, the adsorption energy values of Pt(n) on these
substrates will vary from one type of dopant to another. The
results obtained are illustrated in Fig. 5. The reference will be
the variation in Pt(n) adsorption energy when the substrate is
undoped (Table 2, full black squares in Fig. 5). The curve called
(Table 3, open blue circles) refers to the doping of the carbon
with a graphitic nitrogen atom in the vicinity of Pt(n), while the
curve called (Table 4, full blue triangles) shows how the
adsorption energy of Pt(n) varies when one of the 3 carbon
atoms holding the Pt in the vacancy is substituted with a pyr-
idinic nitrogen atom. Finally, the two curves named (Table 7 (4 +
2) and Table 7 (2 + 2)) refer to the variation in Pt(n) adsorption
energy when the Pt(n)-cluster/NP is in the vicinity of a non-noble
MnN,/C site, whether the site is MnN(4,)/C (Table 7(4 + 2); full
green triangles) or MnN(,,,)/C (Table 7 (2 + 2); open green
circles). However, there is no difference in the intensity of
adsorption energy for the two curves called (Table 7) between
Mn™ or Mn™ ions.

The more negative the adsorption energy, the more
exothermic the adsorption of Pt() on graphene, and the better
the Pt(n)-cluster/NP will be retained on the graphene plane.
Fig. 5 shows that the best cases are represented by the two
curves shown in Table 7, which illustrate the effect of the
presence of a non-noble MnN,/C site in the vicinity of the Pt(n)
cluster/NP. The influence of the substrate on Pt(n) is particularly
significant in the case where MnN,/C is either Mn™ " "N (,,,)/C
or Mn{™! o III)N(2+2)/C. Fig. 5 also shows various regions in the
graph representing the different structural shapes (triangular,
icosahedral and face-centered cubic) that Pt(n)-clusters or NPs
take on when (n) is increased from 4 to 150 Pt atoms. We found
that with an increase in the cluster size, there is a tendency for
the adsorption energies to converge, regardless of whether
a single vacancy of graphene is N-doped or not. It was explained
by the fact that for large clusters the contribution of the cohe-
sion energy to the adsorption energy begins to prevail.

The proposed thermochemical method of calculating
adsorption energies of large Pt clusters on both undoped and N-
doped graphene substrates, and in the presence of a non-noble
MnN,/C site in the vicinity of the Pt(n) cluster/NP is character-
ized by little computational efforts and an accuracy no worse
than that obtained by DFT calculations.

In the second part of this work, we wanted to see whether the
effect of Pt(n)-cluster/NP stabilization by a non-noble MnN,/C
site was reciprocal, i.e., whether the presence of a Pt(n)-cluster/

This journal is © The Royal Society of Chemistry 2025
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NP adjacent to a non-noble MnN,/C site also stabilized the
MnN,/C towards demetallation in strongly acidic fuel cell
media. The answer to this question is: yes, Pt(n) stabilizes
MnN,/C back against demetallation of the non-noble site! The
stabilization is particularly spectacular for the Mn(II)N(4+z)/C and
Mn"N(,./C sites for which we had previously determined that
demetallation of the Mn"" sites was a spontaneous reaction,
whereas we had found that for the equivalent Mn"IN (a+2)/C and
Mn(HI)N(%Z)/C sites (thus having Mn™ instead of Mn™), the
demetallation reaction was subject to an equilibrium governed
by an equilibrium constant. The presence of a neighboring Pt(n)
now drastically transforms the previously spontaneous Mn™
site demetallation reactions of Mn"N,.,)/C and Mn""N(,.,)/C
sites into equilibrated reactions. However, even if the presence
of Pt nanoparticles near a site such as MnN,/C stabilizes this
site towards demetallation, it is well known that such molecular
sites do not have the same stability as platinum at the cathode
of PEM fuel cells. This raises the question of what would
happen to the adhesion of Pt(n) on a carbon substrate in the
vicinity of a molecular site such as MnN,/C once Mn had left the
site. As can be seen in Table 8 (compared with the same from
Table 6), the calculations show that demetallation of MnN,/C
sites in the vicinity of Pt(n) has very little effect on the energy of
the Pt-C bond under the influence of the demetallated forms of
the modelled sites (Fig. 3b or 4b). This means that the adhesion
of platinum clusters should not undergo changes in these
conditions.

It should be noted that the calculations of the thermody-
namic parameters in this second part of the work have only
been carried out on the Pt,-MnN,/C hybrid catalyst because the
size of Pt(n) is not involved here in the equation for the deter-
mination of the electronegativity of Pt(n). This is due to the
application of the Sanderson principle of full equalization for
the determination of the electronegativity of Pt(n) when calcu-
lating the equalized electronegativity of the modelled site. For
example, the electronegativity of (Pt,), is equal to /Xp; X Xpr, (OF
2[xp? = xpy), i. €. to the same electronegativity of Pt atom (2.14
in the Sanderson scale of electronegativity). In the case of Pty
cluster, the electronegativity of (Pt;q) is also equal to the elec-
tronegativity of Pt atom, since ***[xp]**° = xpe.

Finaly, in the third part, after defining, in terms of stability,
the reciprocal advantages of Pt(n)-cluster/NPs interactions with
neighboring MnN,/C sites on the carbon substrate (N-doped or
not), we also devoted a section to reviewing the literature con-
cerning the advantages, for the same Pt(n)-MnN,/C hybrid
catalysts, but this time in terms of catalytic activity.

The dopant-induced electronic structure modifications of
the carbon surface of Pt catalysts are reflected, as calculations
showed, in the strengthening of Pt-C and Mn-N bonds (MnN,/C
substrates). This may also be named synergy between Pt-C and
Mn-N bonds. The same type of calculations, in the frame of
Sanderson-Boudreaux method, could also be used as a tool for
predicting a possible synergy between Pt-C and other Me-N
bonds (where Me =V, Cr, Co, Ni, etc., and eventually also Sn, as
examples).

This journal is © The Royal Society of Chemistry 2025
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