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Impact of Metal and Active Site Configurations in Hy-
drogenation Reactions with N-Doped Graphene Single
Atom Catalysts'

Aurore E. F. Denjean,? David Balcells,** and Ainara Nova*ab

Hydrogenation reactions are well-established transformations in both homogeneous and heteroge-
Despite this
progress, a comprehensive understanding of the underlying reaction mechanisms remains limited,

neous catalysis and are increasingly explored using single-atom catalysts (SACs).

often restricted to specific systems. Moreover, the precise nature of the active sites is elusive, and
their reactivity may be influenced by varying coordination numbers, hetero-atom doping, and other
factors. To gain insight into hydrogenation reactions in nitrogen-doped graphene-based SACs, we
conducted a thorough investigation into hydrogen transfer across Fe, Co, Mn, and Ru systems, con-
sidering different charges, spin states, pyrrolic and pyridinic sites. Our findings reveal substantial
deviation from conventional homogeneous and heterogeneous systems, with SACs being strongly
influenced by the nature of the active site. Analyses using Natural Bond Orbitals (NBO), natural
charge, and natural decomposition analysis (NEDA) highlighted differences in nitrogen-metal inter-
actions as a key factor driving the observed reactivity variations between Pyrr and Py systems, as

well as between Ru and 15t-row metals.

Since the beginning of the last century, catalytic hydrogenation
has been a dynamic field, continually expanding with the de-
velopment of new catalysts,!! propelled by computational stud-
ies and machine learning.2"¥l These research efforts reflect the
essential role of hydrogenation reactions in the synthesis of di-
verse fine chemicals, spanning from agrochemicals to drugs. 4>
Among the various approaches to reduce unsaturated C-X (X =
C, O, N) bonds by hydrogenation, two primary methods stand
out: (i) direct hydrogenation (DH), using dihydrogen (H,) as a
reactant, and (ii) transfer hydrogenation (TH) or borrowing hy-
drogen (BH), using alternative hydrogen sources."®. Typically,
both approaches initiate with the transfer of hydrogen atoms to
the catalyst (Figure [I). In DH, this transfer can occur through
the homolytic dissociation of H, over the metal center, forming
hydrides, 219 or, alternatively, through the heterolytic cleavage of
H,, involving a base that takes one H as a proton, whereas the
other H is transferred to the metal as a hydride.2 In TH and
BH, the transfer from the hydrogen donor to the catalyst is more
complex as it produces a byproduct, though the catalyst interme-
diates are similar to those observed in DH.!? The fundamental
understanding of these mechanisms is crucial for the design of
new hydrogenation catalysts. For example, leveraging heterolytic
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dissociation of H, has led to the development of bifunctional cat-
alysts that integrate the base as a ligand, enhancing catalytic effi-
ciency.13

Homogeneous and heterogeneous catalysts have been ex-
tensively developed for hydrogenation reactions, yet both ap-
proaches have inherent limitations.4 Homogeneous catalysis of-
ten faces challenges related to the separation of the catalyst, while
heterogeneous catalysis has issues such as low selectivity and
atom efficiency. Single-atom catalysts (SACs) are a promising al-
ternative, consisting in dispersing metal atoms over supporting
surfaces to combine the benefits of both systems.1>"Z N-doped
graphene-based SACs have proven to be highly effective in cat-
alyzing hydrogenation reactions. 1819 However, the precise pic-
ture of the underlying reaction mechanisms remains elusive, as
it may involve either homolytic or heterolytic pathways, with a

manifold of potential active sites.2%

While pyridinic MNy4 sites (M = metal) are frequently studied
due to their better anchoring abilities,?1"23l it has been argued
that MNj5 sites exhibit greater reactivity.24%2¢ This hypothesis is
supported by the out-of-plane configuration and co-adsorption
of reactants that can facilitate hydrogenation reactions in MNj3
sites. In addition, the homolytic and heterolytic dissociation of
H, on MNy sites was found to be largely endothermic for several
metals, suggesting these sites may not be those promoting catal-
ysis.2Z Other investigations suggested that frustrated Lewis pairs
and vacancies within the graphene lattice may also play a crucial
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Fig. 1 Comparison of heterolytic and homolytic dihydrogen addition
pathways in hydrogenation and borrowing hydrogen reactions across het-
erogeneous, homogeneous catalysts and SAC. Spheres in orange, blue,
white, red and grey represent metal, nitrogen, hydrogen, oxygen, and
carbon atoms, respectively

role 1828129/ 1 these systems, the co-existence of acid and basic
sites promotes the heterolytic cleavage of H,. Additional doping
with sulfur or phosphorus is also an efficient approach to promot-
ing this reaction in SACs.3032

Among the alternative active sites for improved reactivity,
pyrrolic MN, sites remain underexplored. An et al. report ex-
ceptional reactivity for Fe-based pyrrolic SACs, with performance
for transfer hydrogenation being four orders of magnitude higher
than other Fe catalysts.23 Similarly, Zhang et al. suggest that
pyrrolic sites offer superior support compared to pyridinic sites
due to their increased electron density, which facilitates hydro-
genation reactions with quinoline in CuNg SACs.% In a previous
study, we also found that pyrrolic NiN, sites are much more ac-
tive than the pyridinic counterparts for BH reactions. In the same
study, the reaction pathway was found to be different from the
conventional homolytic and heterolytic mechanisms.2> The pre-
vious findings suggest that pyrrolic sites should hold significant
potential to enhance a unique catalytic activity in SACs. Further,
comparative studies between pyrrolic and pyridinic sites may re-
veal additional insights into how these different N-doped config-
urations influence the activity, robustness, and selectivity of these
catalysts.

In the present study, we used computational methods to inves-
tigate the DH and TH mechanisms in N-doped graphene SACs of
Mn, Fe, Co, and Ru, considering both pyridinic (Py) and pyrrolic
(Pyrr) active sites. On top of the coordinating environment and
the different metals, the configuration of the binding site (charge
and spin multiplicity) can have a strong impact on the stability
and reactivity of SAC systems, as shown in the recent study of Za-
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oralové et al.*® Therefore, here, we systematically explored the
influence of charge ([0], [+2]) and spin states (low, intermedi-
ate, and high) across four distinct transfer modes, revealing a
broad range of reactivities. The results indicate that pyrrolic sites
demonstrate heightened activity compared to pyridinic systems,
and significant variation is observed between 1%'-row metals and
Ru, all of which are driven by differences in nitrogen-metal inter-
actions. Interestingly, Ru systems are the most aligned with the
homogeneous mechanisms, yielding the most favourable hydro-
genation thermodynamics, while 15t-row metals exhibit a unique
but similar reactivity. This study shows the critical role played by
charge and spin states, the higher activity of the pyrrolic sites, and
the contrasting behaviour between Ru and the first-row transition
metals.

Computational methods

The SAC metals Mn, Fe, Co, and Ru were selected based on two
principal criteria: (i) their previous use in doped graphene SACs
for hydrogenation-related reactions,22*44 and (ii) their various
d-electron configurations. We investigated two distinct reactive
sites in which the metals are coordinated to either four pyri-
dine (Py) or four pyrrole (Pyrr) rings integrated onto N-doped
graphene (Figure [2). The choice of model is crucial for accu-
rately describing such systems. While both periodic and cluster
models are possible, 4>l SACs were considered as hydrogen-atom-
terminated graphene flakes for a deeper analysis of the electronic
structure with a more accurate method. The flake size was de-
fined as two supramolecular rings of fused benzenes around the
metal, as this model was found to balance accuracy and com-
putational costs in a previous work.22 The Pyrr systems can be
modeled either by incorporating holes in the structure to keep
the surface flat or by keeping the graphene conjugation, in which
a curvature is observed. In this study, the latter was selected, as
systems with a high degree of curvature are experimentally rel-
evant.4%47 All four metals were examined in the low oxidation
states (II) and (0). Given that the Py site is neutral, while the
Pyrr can be either neutral or dianionic, we analyzed all systems
in the charge [Q], where Q, the total charge of the system, is equal
to either O (neutral Py or Pyrr with metal(0) oxidation state, or
dianionic Pyrr with metal(II) oxidation state) or +2 (neutral Py
or Pyrr with metal(II) oxidation state). Further, three different
spin states were studied: 1) low-spin (LS), which is singlet for Fe
and Ru and doublet for Mn and Co, and singlet for Fe and Ru; 2)
intermediate-spin (IS), which is triplet for Fe and Ru, and quartet
for Mn; and 3) high-spin (HS), which is quartet for Co, quintet for
Fe and Ru, and sextet for Mn. The feasibility of the hydrogena-
tion reactions was investigated by assessing the thermodynamics
(free energy, AG at 298K and 1 atm) of the addition of H, to the
catalysts (cat + Hy, — cat(H)y), as it was shown to be a good in-
dicator for BH feasibility in a previous study, including reaction
kinetics.2>

The AGs were systematically calculated for all metal-charge-
spin configurations of the SAC sites. The AGs were evaluated with
the cat in its ground-state spin multiplicity. Only in a few systems,
the lowest-energy spin multiplicity of the hydrogenated interme-
diate differs from that of the naked catalyst ground state (see Sup-
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Fig. 2 Metals (Mn, Ru, Fe, Co), spin states (singlet, doublet, triplet, quartet, quintet, sectet), models (pyridinic: Py, and pyrrolic: Pyrr), charges ([0]
or [+2]) for the studied model of N-doped graphene-based SACs, and the H, addition modes considered (MH2,MHNH, NHNH¢ans, NHNH;s). For the
H, addition modes, spheres in orange, blue, white, and grey represent metal, nitrogen, hydrogen, and carbon atoms, respectively.

porting Information). Reactivity was also modeled by considering
three distinct hydrogenation modes: 1) both H atoms transferred
to the metal, yielding a metal dihydride MH, intermediate (H-H
bond homolytic cleavage); 2) one H atom transfers to the metal
and the other to the N of the doped graphene support, yielding an
MHNH intermediate (H-H bond heterolytic cleavage); 3) both H
atoms are transferred to the support in the absence of any metal,
yielding either cis (NHNH_;s) or trans (NHNH¢raps) intermediates.

Calculations were performed using density functional theory
(DFT) with the Gaussian 16 software.8 The hybrid functional
PBEO-D3BJ and the polarized double-{ basis set def2-SVP were
used for all calculations.#2%>2 Frequency calculations were car-
ried out at the same level to verify the nature of the stationary
points.

In our previous study, for a Nickel system, we observed that
changing the functional does not affect the results and trends for
key transition states detrimentally.2? In addition, the def2-SVP
basis set was used to reduce the computational cost. To evaluate
the influence of the basis set, we recomputed the energy for a se-
lection of systems using the triple-{ def2-TZVP basis set. While in
some cases we observed significant differences between double-§
and triple-{ energies, the trends remained the same (Figure S10).
For SAC systems, particularly those with significant charge sepa-

ration, the use of a solvation model can have a massive effect
on energy values and trends.® To account for the solvent effects
of benzyl alcohol (experimentally used as reactant in excess), an
implicit continuum model based on the SMD method was em-
ployed 1253

Natural bond orbital (NBO) calculations were conducted using
the NBO7 program to obtain natural atomic charges and to deter-
mine the stabilization energies (E®)) of donor-acceptor interac-
tions.>* The same program was used to perform natural energy
decomposition analysis (NEDA), which breaks down the interac-
tion energies into five components: electrostatic (ES), polariza-
tion (POL), exchange (X), charge transfer (CT), and deformation
(DEF). For the NEDA analysis, the interacting fragments were de-
fined as the SAC flake and the metal atom for the 16 catalysts. All
energies reported in the text are in kcal mol'!.

Results and discussion

H, addition

We investigated the hydrogenation thermodynamics of the
pyrrolic (Pyrr) and pyridinic (Py) models with Co, Fe, Mn, and
Ru using global charges of [0] and [+2]. All feasible spin mul-
tiplicities and hydrogenation modes (MH;, MHNH, NHNH_,
NHNHyrans) were considered and most of them could be opti-
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Fig. 3 Free energy changes (AG, kcal mol?) for H, addition (MH2, MHNH, NHNH;, NHNH.ans) to the different surfaces ([0]Py, [+2]Py, [0]Pyrr,
[+2]Pyrr) for Co (pink bars), Fe (green bars), Mn (purple bars), and Ru systems (blue bars). Faded colors indicate AG values superior to 25 kcal
mol. Structures of the hydrogenated SACs are shown for the systems with AG lower than 25 kcal mol™?, except for [+2]Pyrr MHy modes (omitted

for clarity).

4] Journal Name, [year], [vol.], 1ﬂ


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08094k

Page 50of 10

s
<
o
v
>
N
©
N
o
N
R|
-
=
c
=]
B
B
=
[=
g
[a)]
<
[sN)
o
N
>
@
5
~
o
-
o
B
°
K}
c
g
=
<
g
<
@
Q.
O

aj
Q
@
S
-
g
5
Qo
=
-]
S
[92]
c
S
S
2
<
%]
c
(]
£
£
Q
O
[
2
o
@
5
e}
c
=]
@
S
o
Q
=
2
&
n
2
'_

179

180

181

182

183

184

185

186

187

,d
@
&

,_.
©
b

195

,_.
©
>

,_.
©
N

,d
©
@

,_.
©
©

N
1=}
15}

n
1=}
2

N}
=1
N

]
=1
@

)
S
R

n
=1
G

206

216

217

218

219

220

221

222

223

224

225

226

228

229

230

231

232

233

234

mized, leading to a total of 60 structures. From them, only
the structures with energies within 5 kcal mol! of the lowest
and providing hydrogenation free energies lower than 25 kcal
mol! are discussed in this section (darker color bars in Figure
B). To evaluate the impact of the model and the charge in the
energies, the results were organized over the four categories de-
fined by the model and the charge: [0]Py, [+2]Py, [0]Pyrr, and
[+2]Pyrr.

In the [0]Py systems, the most stable hydrogenated species for
Fe, Co, and Mn do not involve complete H, bond cleavage, only a
weak elongation of the dihydrogen bond by 0.02-0.03 A. For Co
and Fe, the adsorption of the Hy molecule to the metal is an ender-
gonic process. Contrary to other metals, the Mn atom shifts out
of the plane in its most stable spin state (sextet) and lowest en-
ergy intermediate (MHy). Only the Ru system achieves H, bond
cleavage, with the two hydrogen atoms separated by 1.4 A and
bound to Ru at a distance of 1.55 A. This reaction shows a slight
exergonic character, making this system promising for hydrogen
transfer reactions.

In [+2]Py, all hydrogenation reactions are more favorable than
with the neutral systems, except for Ru. Additionally, hydrogena-
tion modes, other than MH,, become energetically accessible: the
MHNH mode for Ru is at 19.2 kcal mol'!, and both cis and trans
NHNH modes for Co are slightly below 25 kcal mol™!. For all met-
als, the MH, structures show a weakly adsorbed and activated Ho,
with these average interatomic distances: d(M-H) = 2.57 A and
d(H-H) = 0.77 A (0.74 A in free H,). Similar to the [0]Py-
Mn model, both Mn and Ru appear slightly elevated above the
graphene plane.

Switching to the [0]Pyrr model, the hydrogenation energies
continued to drop, with the MHNH and NHNH products yield-
ing hydrogenation energies smaller than 25 kcal mol! for all
metals except Co. However, the complete cleavage of H, in the
MHj; product is endergonic for all metals except Ru. The NHNH
mode exhibits reasonable energies (7-11 kcal moll) in cis for Fe
and both cis and trans for Mn. In contrast, all attempts to cleave
the H, bond with Co yielded large hydrogenation energies above
the 25 kcal mol! threshold. The behavior of Ru with the [0]Pyrr
model resembles the [0]Py system if we look at the MH; mode,
which has an elongated, yet to a lesser extent, dihydrogen bond
(d(H-H) = 1.0 A) and is the result of an exergonic reaction. How-
ever, in this case, both MHNH and NHNH¢;ans modes are accessi-
ble with energies of 4.1 and 15.9 kcal mol !, respectively.

The most exergonic hydrogenation values are found with the
[+2]Pyrr model. It was only in this model that the Co systems
yielded favorable H, cleavage, resulting in the most exergonic
value among all systems at -36.7 kcal mol'! (NHNHyays prod-
uct). Similarly, Fe and Mn exhibit highly exergonic energies for
both the NHNHans and NHNH;s products. In contrast, Ru dis-
plays endergonic energies similar to those in the [+2]Py model.
Among the Ru species, NHNHans, NHNHs, and MHNH have
comparable energies, all close to thermo-neutrality and ranging
from 1.5 to 5.8 kcal mol™, with NHNHrans being the most favor-
able product.

By calculating the median AG across all hydrogenation modes
(MH,, MHNH, NHNH_;s, NHNH¢ans) for each metal (Co, Fe, Mn,
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Median*  [0]Py [+2]Py [0]Pyrr [+2]Pyrr £(medians)
50.2 19.7 30.8 -11.5 89.2
58.8 30.5 15.2 -11.7 92.8
45.0 37.6 91 -8.0 83.6
27.4 19.2 10.0 4.2 60.7
Z(median) [ 181.3 106.9 65.0 -27.0

* Median (MH 5, MHNH, NHNH s, NHNH 1ans)

Fig. 4 Table of median AG values (kcal mol!) for MH,, MHNH,
NHNHgs, and NHNHy,,,s addition modes across Co, Fe, Mn, and Ru
systems and all models and charge systems ([0]Py, [+2]Py, [O]Pyrr,
[+2]Pyrr). The sum of medians (Y(medians)) is reported per metal
(last column) and per model and charge system (last row).

Ru) and model system ([0]Py, [+2]Py, [0]Pyrr, [+2]Pyrr), and
then summing these values, Figure [4] clearly illustrates that the
charge and graphene model both have a greater impact on re-
activity than the choice of metal itself. These results align with
recent findings in the field, highlighting the importance of inves-
tigating various electronic and geometric configurations of the ac-
tive sites. 50

The sums of the medians () (medians)) for Co, Fe, and Mn
systems range between 83 and 93 kcal mol’!, indicating moder-
ate differences among the 1%t-row systems, whereas Ru is at 60.7
keal mol'!, showing distinct behavior and trends. Except for this
metal, hydrogenation was unfeasible in the [0]Py model. The
H, molecule only lies on the surface with negligible activation.
In both the [0]Py and [+2]Py pyridinic models, hydrogen ad-
sorption required the metal to move out of the SAC plane (more
information in the Supporting Information), a scenario not desir-
able, as it favors metal leaching and the formation of NPs.22k20

In contrast, Pyrr models exhibit greater reactivity. The [0]Pyrr
system yielded reasonable endergonic energies for Mn and Fe (7-
19 kcal mol!) and favorable H, cleavage for Ru. The [+2]Pyrr
form provided highly exergonic energies (¥ (medians) is far the
lowest in this mode at -27.0 kcal mol!), potentially trapping
hydrogen on the surface for 1%t-row transition metals, while Ru
uniquely displays moderately endergonic energies. While we ob-
served similar reactivity for the 15t-row transition metals, Co was
the one yielding the most exergonic or endergonic hydrogenation
energies, depending on the charge and graphene model. Only Ru
showed a preference for activating hydrogen in neutral and pyri-
dinic systems over dicationic and pyrrolic ones, with nearly ther-
moneutral reactions. This property is usually beneficial for cat-
alytic hydrogenation reactions in which the H atoms transferred
in the process should not be over-stabilized by the catalyst. In
line with this, recent studies have proposed pyridinic Ru SACs as
promising candidates for the catalytic hydrogenation of various
organic substrates.27:>7

The computed hydrogenation thermodynamics indicated that
the most exergonic reactions are those involving the addition of
H, to the nitrogen atoms in either cis or trans. From a homo-

Journal Name, [year], [vol.], 1@ |5

235

23F

238

239

240

241

242

245

24/

o

241

247

248

255

25¢

25,

250

257

26

261

26

26"

26~

265

26

Zui

268

269

270

271

272


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08094k

Open Access Article. Published on 07 January 2026. Downloaded on 1/12/2026 2:34:52 AM.

273
274
275
276
277

278

-
D24

N
@
Q

This articleislicensed under a Creative Commons Attribution 3.0 Unport

(cc)

Journal of Materials Chemistry A

geneous catalysis perspective, this behavior may appear as unex-
pected since heterolytic cleavage in bifunctional moieties, where
a base takes one H atom as a proton and a metal takes the other as
a hydride, is the most common H, activation mechanism, hereby
prompting the question of what is the actual role of the metal in
these SAC systems. Our calculations suggest that the hydrogen
activation reaction might be even more exergonic without any
metal, potentially leading to surface poisoning by hydrogen im-
mobilization (Figure S11). Feng et al. give a similar explanation
to rationalize the hydrogen transfer in their NiN, Py-SAC study,
with hydrogens easily adsorbed on the metal-free system but dif-
ficult to desorb.=8 However, it should be noted that the metal
also plays the role of stabilizing the N-doped sites that disrupt the
otherwise pristine structure of graphene.

Origin of Py and Pyrr model reactivity differences
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Fig. 5 Stabilization energies (E(2)) from nitrogen-to-metal orbital donor-
acceptor interaction (top), natural charges of the metal center (middle),
and total nitrogen natural charges (YN, bottom) across all metal and
charge states.
Pyrr systems.

Blue points represent Py systems, red points represent

6| Journal Name, [year], [vol.], 1@
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To understand the origin of the reactivity differences, we car-
ried out an NBO analysis of the non-hydrogenated catalysts in
their ground spin state (Figure |5). Charge distribution and
donor-acceptor interactions were analysed on the basis of nat-
ural charges and stabilisation energies (E?), respectively. In
the top panel of Figure [5, we can see that, for all metals, the
Py model systems consistently exhibit higher donation from the
nitrogen sp orbitals to the in-plane, and in-phase, d orbital of the
metal (E@ Y (N—M)~200-400 kcal mol'!) compared to Pyrr sys-
tems (E@ Y (N—M)~50-140 kcal moll), probably due to the flat
surface of the Py model increasing orbital overlap. The weaker
donation in the Pyrr systems is reflected in the charge distribu-
tions, where the total charge of the metal-bound nitrogen atoms
(IN) is, on average, 0.3e units more negative, with the metal cen-
tres being more oxidised by a similar amount, that is, ~0.3e units
more positive. The stronger basicity of the Pyrr nitrogen atoms is
consistent with the higher stability of the NHNH hydrogenation
products.

Akin to the hydrogenation thermodynamics, the 15t-row tran-
sition metal systems exhibit similar behavior, while Ru devi-
ates from the trend. Ru systems yield substantially greater
nitrogen-to-metal orbital donation in Py and Pyrr systems
(E(z)Z(NﬁM)) ~250-400 kcal mol ™) compared to Co, Fe, Mn sys-
tems (E®y(y_,py) ~50-200 keal mol™!). Consequently, the charge
of Ru is the least cationic among the metals, and the nitrogens
in these systems are less negatively charged. This charge trans-
fer during complexation from the nitrogens of the surface to the
metal atom is highlighted in the NEDA analysis, which shows a
larger CT component in Ru systems compared to 15t-row metals.
Furthermore, the value for the XC component of the interaction
energy is notably lower for Ru by 50 to 100 kcal mol!, indicating
enhanced delocalization and covalent interactions (Figure S12).
In contrast, 15-row metal systems with a dominant electrical in-
teraction, primarily arising from polarization, lead to more acces-
sible nitrogen orbitals with increased negative charges.

Combining donor-acceptor interactions, charge analysis, and
NEDA analysis reveals that 1%t-row and Pyrr systems achieve su-
perior charge separation, making nitrogens more reactive. In con-
trast, Ru and Py systems have stronger interactions between the
nitrogens and the metal, resulting in a redistribution of electronic
density. The distinction between neutral and dicationic states
emerges mainly in NEDA results, where [+2] systems display
consistently higher POL components compared to [0] systems.
In terms of addition mode, the accessible nitrogen orbitals in 15t-
row and Pyrr systems support the NHNH reactivity, facilitated by
ionic interactions and further enhanced by dicationic charges. Ru
systems show a distinct behavior where nitrogen does not facili-
tate hydrogen transfer. Instead, the interaction between the SAC
surface and the metal atom predominantly promotes MH, addi-
tion. Unexpectedly, the hydrogens in MH,; Ru systems are not
hydridic. In fact, for both Py and Pyrr systems and for all hydro-
genation modes, the NBO charges indicate that the transferred
hydrogens have a protonic character while the graphene surface
(nitrogen and carbon, i.e., YN, YC) gains electrons (Figure S13,
Figure S14). The metal charge is also impacted, by +0.4e in most
cases, and, in the few cases where it is not reduced, the electron
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charge is largely absorbed by the metal-bound nitrogen atoms
(Figure S15). The transfer of electrons from the hydrogens to the
catalysts resembles the proton-coupled electron transfer (PCET),
described in electrochemical reactions, with the protons and elec-
trons transferred simultaneously but to different parts of the sys-
tem. This type of mechanism is well represented in porphyrinic
systems, which are structurally similar to the Pyrr systems. 22762
The extensive example of SAC in electrocatalysis, where PCET
can take place, also reflects the potential of the graphene support
to facilitate electron transfer and, therefore, this type of mecha-
nism. /0306

Ultimately, SACs seem to react as electrocatalysts rather than
thermocatalysts. The homolytic or heterolytic H, cleavage was
not observed in any 1%t-row systems. Enhancing ionic interac-
tions via pyrrolic and dicationic environments is crucial for acti-
vating Co, Fe, and Mn systems, wherein hydrogen transfer occurs
through the NHNH addition mode. The curvature of these sys-
tems may contribute significantly to their high reactivity,4® and
further research on this criterion is recommended. While Ru-
SACs can also capitalize on pyrrolic environments and, to a lesser
extent, on dicationic configurations, they display unique reactiv-
ity through the MH, addition mode due to enhanced interactions
between the support and the metal atom. Graphene-based SACs,
therefore, offer the potential to unlock novel reactivity for pro-
cesses such as hydrogenation, for which alternative paths are of-
ten overlooked or lack thorough exploration.

Conclusions

In conclusion, this study highlights the distinct reactivity pro-
files of N-doped graphene-based SACs during hydrogenation pro-
cesses. By examining the thermodynamics of dihydrogen addi-
tion, we identified the active sites for hydrogenation, revealing
two main reactivity patterns that differ from traditional homoge-
neous catalysis. Hydrogen atoms are either transferred to two
nitrogens or directly to the metal atom. The transferred hydro-
gens adopt a protonic character while the remaining electron gets
transferred to the surface, a mechanism favored by the conduc-
tivity properties of graphene. Pyrrolic systems exhibited greater
activity, with energies often below 25 kcal mol?, while pyridinic
systems remained mostly inactive, with the exception of Ru. Ru
systems are also different in their addition mode, favoring MH,,
while Co, Fe, and Mn systems displayed similar behavior, prefer-
ring NHNH modes.

NBO, natural charge, and NEDA analyses revealed electronic
structural differences driving these reactivity variations. Pyrr
systems showed lower orbital donation from nitrogen to metal
compared to Py systems, leading to enhanced charge separation,
accessible N orbitals, and increased nitrogen basicity, favoring
NHNH addition mode. Fe, Co, and Mn leverage these charac-
teristics with higher POL components in interaction energy com-
pared to Ru, furthering the preferences of Pyrr systems and NHNH
mode. Dicationic systems amplify this trait, making [+2]Pyrr
configurations the most reactive sites. In contrast, Py systems
are characterized by dominant CT and X interactions, with sub-
stantial nitrogen orbital donation, more covalent N-M bonds, and
reduced nitrogen accessibility. These characteristics are height-

Journal of Materials Chemistry A

View Article Online
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ened for Ru, where MH, is readily accessible across all sites.

Ultimately, strong reactivity differences could be observed be-
tween Ru and 1%t-row metal and Py and Pyrr systems, arising
from different electronic structures. These differences must be ac-
knowledged when designing SACs and further investigated both
computationally and experimentally.
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