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Combinatorial Search for High-Activity
Hydrogen Catalysts Based on Transition-
Metal-Embedded Graphitic Carbons

Woon Ih Choi, Brandon C. Wood, Eric Schwegler, and Tadashi Ogitsu

Transition metal (TM) atoms in porphyrin-like complexes play important roles in many protein
and enzymetic systems, where crystal-field effects are used to modify d-orbital levels. Inspired
by the tunable electronic structure of these motifs, a high-throughput computational search for
synthetic hydrogen cata- lysts is performed based on a similar motif of TM atoms embedded into
the lattice of graphene. Based on an initial list of 300 possible embedding geom- etries, binders,
and host atoms, descriptors for stability and catalytic activity are applied to extract ten promising
candidates for hydrogen evolution, two of which are expected to exhibit high activity for
hydrogen oxidation. In several instances, the active TM atoms are earth-abundant elements that
show no activity in the bulk phase, highlighting the importance of the coordination environment
in tuning the d-orbitals. In addition, it is found that the most active candidates involve a hitherto
unreported surface reaction pathway that involves a Kubas-complex intermediate, which
significantly lowers the kinetic barrier associated with hydrogen dissociation and association

1. Introduction

Hydrogen electrocatalysis is a key process in a variety of impor- tant electrochemical energy devices, including fuel cells,
photo- electrochemical cells, and electrolyzers.['-* Unfortunately, the most active and widely used hydrogen catalysts are
based on precious metals that are costly, most notably Pt. Accordingly, extensive efforts have been made in recent years to
develop scalable solutions that provide a better trade-off between cost and activity by reducing the quantity of key precious-
metal elements or replacing them with earth-abundant alternatives.5°! In the former category, common approaches
include dilute alloying or surface alloying with nonprecious metals,[1°-3 as well as nanoparticle dispersion on conducting
substrates to increase the effective surface-to-volume ratio.['*?!1 In the latter category, hydrogen catalysts that consist
exclusively of earth-abundant elements (e.g., carbonitrides and TM sulfides, carbides, and phosphides) are being pursued
intensively, with several new candidates reported to show reasonably good catalytic activities.5-7,22-24

A more targeted approach for cata- lyst design can be achieved by instead focusing on fundamental traits that lead to
catalytic activity, then integrating these ideas within a specially tailored complex. It has long been discussed that in cata-
lytic materials based on TMs, the key to catalytic activity lies in the metal d-orbitals and their interaction with surface
intermediates.[?>-28] Therefore, if we know the desirable d-orbital configuration for a certain catalytic reaction of interest
and understand how to make materials with arbitrarily tunable electronic states, then rational catalyst design can become
a reality. In practice, a more realistic strategy at this stage is to select a class of materials with wide intrinsic variability in
d-orbital configurations from which candidates can be directly assessed via high-throughput screening.['%?°11n this scenario,
the odds of finding an ideal candidate generally improve with the size of the candidate pool. For example, thisidea was used
by Ngrskov and co-workers to perform a high- throughput computational search among binary surface alloys, leading to
the discovery of a candidate catalyst (BiPt surface alloy) that outperforms Pt.'% In this case, variability in d-orbital
configurations was achieved by combining elements with dis- similar atomic radii and electronic structure, as well as
different ratios of foreign-to-host atoms.



In this work, we look to nature to devise a viable strategy for tuning d-orbital configurations in TM catalyst complexes. In
particular, many biological enzymes have remarkably high activities while having evolved to use earth-abundant chemical
elements. Taking a close look at their structures, we recognize that the core functionality generally relies on TM atoms sur-
rounded by organic ligands. The d-orbital tunability is therefore achieved by a ligand-field effect, which differs depending
on the identity of the TM and its chemical and structural coordination environment.[3°-32l Metal-porphyrin and chlorophyll
are good examples that can be found in animals and plants, respectively; their common motif involves a single TM atom
coordinated by four N atoms embedded in a conjugated n-bond system.

The essence of these enzymatic functional sites can instead be mimicked synthetically by accommodation of the TM and
surrounding ligand atoms in sp? graphitic carbon. A number of recent theoretical and experimental works have
demonstrated the feasibility of such embedded structures, including their suitability for catalytic applications.?'-*"] From
the viewpoint of electronic structure, TM-embedded graphene (TMEG) derivatives have two key features that are necessary
for effective electrocatalysis. The first, which has already been discussed, is a localized d band that is related to the reactant-
catalyst inter- action and dictates the absorption barrier.[*-5 The second is good electrical conductivity due to the
conjugated © system, which enables facile transport of electrons to or from the catalytic sites where charge is consumed.
We point out thatin TMEGs, these two requirements are satisfied by different component atoms that are spatially separated
(specifically, the TM and carbons within the graphene host); nevertheless, the monolithic structure ensures good electrical
coupling between the two. By contrast, catalysts comprised exclusively of TMs provide electronic conductivity via an s or p
band centered around the Fermi level of the TM itself. We will return to a discussion of specific opportunities and challenges
associated with the heterogeneous nature of the TMEG systems in the context of hydrogen catalysis.

2. Methods

Here, we apply a descriptor-based computational screening approach!%2551to find new hydrogen evolution reaction (HER)
and oxidation reaction (HOR) catalysts based on bio-inspired TM-porphyrin motifs embedded into the lattice of graphene.
As shown in Figure 1, variation of the d-orbital chemistry is achieved in three ways: (1) the choice of the TM itself, (2)
different coordinating “glue” atoms, and (3) different TM coordination geometries. More specifically, our search
encompasses the entire suite of 30 d-block TM elements in the periodic table that include 3d (Sc-Zn), 4d (Y-Cd), and 5d
(La, Hf-Hg) orbitals. In addition to complexes based on the N coordinating atom found in metal porphyrins and chlorophyll,
we also test B, C, O, and S as possible TM-stabilizing glue atoms because of their ability to be readily incorporated within
carbon aromatic rings. Possible effects of the glue atoms on the d-orbital TM energetics come from two primary sources:
first, dissimilar p-orbital positions that alter the strength of the covalent bond with the coordinating environment; and
second, different atomic sizes that introduce different levels of local strain in the graphene lattice. Finally, we consider both
threefold and fourfold coordination geometries, which lead to different crystal field effects on the d-orbital splitting. These
correspond to complexes based on graphene sheets with monovacancies and divacancies, respectively. Throughout the
paper, complexes are identified by a notation that refers to the coordination number, followed by the glue atom and TM
identities. For example, 4BRh refers to an Rh atom that is fourfold-coordinated with B within the graphene matrix.

The possible variations lead to an initial pool of 300 possible material combinations (30 - 5 - 2), which can be challenging
to explore explicitly. Instead, we apply theoretical “descriptors” that allow us to rapidly assess catalyst quality using
parameters that can be easily calculated in a high-throughput fashion. Three important material properties are estimated
using theoretical descriptors: first, complex stability (particularly against TM agglomeration); second, activity for HER and
HOR; and third, resistance against poisoning by CO or O, for those complexes which are hydrogen-active.

As the workhorse to examine our concept, we employed first- principles total energy calculations based on density
functional theory (DFT) as implemented in the VASP package.5? The Perdew-Berke-Erzerhof [°%] type of exchange-
correlation functional is used. Projector augmented wavel> pseudopotentials were used to explicitly describe the effects
of the core electrons, which are required for a reliable description of the magnetic properties of the embedded TMs. A plane-
wave basis cutoff of 400 eV was used, with 10 meV of Gaussian broadening. Each isolated TM atom was embeddedina 7 - 7
graphene supercell, and 6 - 6 - 1 k-point sampling was used to reliably describe the linear bands crossing the Fermi level.
Geometric relaxations were performed by successively relaxing forces obtained from @-point,3-3-1,and 6 - 6 - 1 k-point
mesh densities, in each case using atomic positions obtained from the previous step. In this way, we were able to
significantly reduce unnecessary computational costs associated with finding structural minima when our initial guesses
were far from the energy minimum. Structures were considered relaxed when the Hellman-Feynman forces were
converged to <0.02 eV A1
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Figure 1. Illustration of the 300 possible TMEG complexes forming our initial material pool for the hydrogen catalyst search. Variation in
the electronic structure is achieved by altering the local coordination number (three or four, as shown in the top panel), the identity of the
“glue” atoms (blue), and the identity of the TM (red). Descriptors for stability, catalytic activity, and poisoning resistance were applied to
screen the large number of candidates efficiently.

3. Results and Discussion

We begin with an assessment of complex stability. Often, materials that are computationally identified as useful turn out to
be very hard to synthesize because of instabilities associated with agglomeration or clustering.[>’ Therefore, our first task
is to check for the stability of the TMEG complexes against TM agglomeration. The descriptor we set for this purpose is the
difference between the bulk cohesive energy (E.,,) and the embedding energy of the TM atom (E,,,;,) on the graphene
template (here, we define stable binding energies as positive). If E ., — E..,, < 0, we assume that incorporation into the
graphene template is preferred over metal clustering, and we regard the material as satisfying the stability criterion.
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Figure 2. Results of the primary round of stability screening based on the embedding are presented with number of glue atoms and
incorporated transition metals. Green color indicates the corresponding combination that fully passed the stability criteria, orange
indicates combinations that are close to the stability limit (within 0.3 eV), and black indicates combinations that do not meet the stability
criteria. See Tables S1 and S2 (Supporting Information) for E_}, — E.p,p, values.

Applying this criterion, we were able to exclude all of the structural combinations based on O or S glue atoms. This is likely
because O and S have two more electrons compared to carbon, leading to a relatively stable lone pair whose electrons can
bind only weakly with the TM atom. The results of the stability screening for the remaining complexes based on B, C, and N
glue atoms are shown in Figure 2 (full values can be found in Tables S1 and S2, Supporting Information). From our initial
pool of 300 candidates, only 101 combinations pass the stability test; these are indicated in green in Figure 2 (additional
cases that offer possibilities for kinetic stabilization will be discussed later; these are shown in orange). Notably, C is on
average the best glue atom with 52 stable candidates, followed by N with 33 and B with 16. Since TM embedding is
ultimately attributable to a covalent interaction between the TM d-states and the glue-atom p-states, we conclude that C
provides the most frequently acceptable match between the glue levels and the d-orbitals near the Fermi level. This may be
because glue C retains the same threefold coordination as in the sp? graphene lattice (two bonds to C and one to the TM
atom), which enables strong binding on defective sites. On the other hand, among the complexes with fourfold TM
coordination, 4N sites tend to be more stable than 4C (see Tables S1 and S2 in the Supporting Information), which may help
to explain the preponderance of N-glue complexes in many por- phyrin-type catalysts.

Next, we move on to an assessment of catalytic activity. We base our descriptor on the free energy of adsorption of hydrogen
on the TMEG, which is the key reaction intermediate for both HER and HOR. If surface hydrogen binds too weakly, the
likelihood of forming the bound intermediate complex will be too low for the reaction to occur. On the contrary, if surface
hydrogen binds too strongly, the product will tend to remain on the surface without desorbing. Therefore, it has been
suggested that there is an optimum binding energy that maximizes the reaction kinetics. In experiments, this well-known
“Sabatier principle” is usually represented by a volcano-shaped plot com- paring the exchange current density
(representing the catalytic activity) with the heat of adsorption.[?>°¢I Ngrskov et al. have combined this empirical rule with
DFT to develop a predictive descriptor for hydrogen catalytic activity based on minimizing the absolute magnitude of the
free energy of H adsorption (|AG,4| = 0) with respect to the standard hydrogen electrode.[>® Within this formalism, AG,4

is calculated from the following equation:[2>>1]
AGogs=AE.s+AZPE—TAS (1)
where the static binding energy (AE,4,), zero-point energy (AZPE), and entropic (—TAS) contributions represent differ-

ences with respect to the corresponding values for gaseous H,. We can ignore negligible contributions from the
configurational and vibrational entropies of surface hydrogen and consider only the entropic contribution from H, gas at



standard conditions, which amounts to TAS = 0.41 eV (or 0.205 eV for 1/2 H,); this value is constant across all samples. In

contrast, AZPE should vary across the different TMs. For efficiency in high-throughput screening, we avoid explicit
computation of AZPE and instead approximate it as a fixed average over a much smaller sample of the 4N-3dTM
combinations (all of which are stable). Computing the ZPE contributions to hydrogen adsorption for these combinations
only, we find values that range from 0.134 eV (for H-adsorbed 4NSc) to 0.202 eV (for H-adsorbed 4NCo), with an average
of 0.168 eV. Factoring in the ZPE of an isolated H, molecule, calculated as 0.268 eV (or 0.134 eV for 1/2 H,), we find AZPE
= 0.034 eV. Therefore, the zero-point and entropic contributions to AG,,, are represented by a constant shift of static binding

energy, AE, 4+ 0.24 eV. We point out that this matches the shift computed for the Pt surface by Ngrskov et al.?]

In practice, an externally applied bias potential or deviation in pH from the conditions of the standard hydrogen electrode
can change the predicted intrinsic catalyst stability and activity. In fact, mismatch of AG,4 calculated using Equation (1)
may be compensated to an extent by these factors, either through direct external overpotential voltage bias or the Nernstian
chemical bias arising from the altered pH in the liquid environment®! (amounting to ~—59 mV of potential change at room
temperature with each increasing pH value). In principle, these factors should be considered when assessing performance
under the actual operating conditions of the catalysts. However, for simplicity in screening we do not explicitly include their
effect and instead assume the equilibrium conditions dictated by the standard hydrogen electrode potential.

In Figure 3, we plot the stability and catalytic activity criteria together for the 180 candidates with N, C, or B glue atoms. In
selecting materials for further investigation, we establish a screening criterion for catalytic activity that is passed by a
material when the absolute value of AG, 4 is less than 0.2 eV (i.e., within the left quadrants in Figure 3). This value is intended
to accommodate the possibility that Equation (1) is not a perfect descriptor and that the DFT-based methodology may
include some error in the computation of AG,g4, such as the neglect of bias or pH dependence already described. Note that
in Figure 3, we have used two different scales in the horizontal axis to offer an enlarged view near the catalytically active
regions. For comparison, we have also shaded in gray the values that |AG,4| can adopt on the catalytically active Pt(111)
surface, depending on the surface coverage of hydrogen.[?5] Note that the lower-left quadrant contains 19 materials that
passed both the activity and the stability screening criteria, with the very best candidates appearing near the outside corner.

Materials that are potentially very active but have TM embedding energies that are very close to the TM cohesive energy
(i.e., within the dotted orange oval in Figure 3) deserve special attention. These are candidates that are thermodynamically
unstable or very marginally stable with respect to TM agglomeration, but lie close enough to the stability edge that they
might be stabilized kinetically during synthesis. To deter- mine which of these to allow through our screening procedure,
we re-examined the embedding energy of the TM atom (E.,,,) in absolute terms (i.e., atomically referenced) rather than
relative to E,. We found that complexes containing metals such as Zn, Cd, and Hg (empty circles in the dotted orange oval
in Figure 3) have very weak TM embedding and approach the stability criterion only because E_, is also very low. These
were excluded from further consideration, since the absolute binding strength of a hydrogen atom on these complexes will
actually be much greater than that of the TM atom within the complex (typically, several eV vs < 0.5 eV), jeopardizing
stability during cycling. However, we did include six materials (red solid dots in the dotted orange circle in Figure 3) that
were close to the stability criterion (within 0.1-0.3 eV) yet still had very high TM embedding energies (3.9-6.2 eV); these
are among the materials listed in orange in Figure 2. We argue that these remain viable candidates for kinetic stabilization;
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Figure 3. Descriptor-based screening results of TMEG catalyst candidates based on activity and stability. The lower-left quadrant contains
materials that passed both criteria. For comparison, the gray shaded region covers the range of |AG,4,| that a Pt (111) surface could have
depending on the coverage of hydrogen.>] The dotted orange oval contains high-activity materials that are candidates for kinetic

stabilization and that need to be reconsidered separately (see the text for details). Note the different scales in the left and right sides of the
horizontal axis.

they include 4BZr, 3NCo, 4BTi, 3NFe, 3BY, and 3NNi from left to right in Figure 3. Including the 19 combinations that passed
both criteria unequivocally, this brings the total number of initial candidates to 25.

We point out that nearly half of the materials in the lower-left quadrant in Figure 3 (i.e., active and thermodynamically
stable) are related to the 3C glue configuration (9 out of 19). We have already discussed the preference for C glue atoms in



terms of complex stability; here, we report that the threefold-coordination variant also holds apparent advantages in terms
of complex activity. This may be related to an inherent incompatibility of the symmetry of the TM d-orbitals with the
threefold coordination environment, which leaves the orbitals free to interact more strongly with the hydrogen 1s orbital.
Within the 3C family, the active and stable catalysts include all 3d and 4d-TMs from GroupsV, VIIA, VIIB, and VIII (in addition
to Pt). Note that the larger 5d elements appear to have lower activity.

The fact that C glue atoms appear to be the best option (note that 4C is the second most common configuration behind 3C
in the lower-left quadrant of Figure 3) may provide significant advantages in terms of synthesis, since there is no need to
con- sider multiple possible chemical environments for the C in the graphene host. In contrast, the possibility of multiple
chemical environments has been shown to be an important consideration for N glue atoms in carbon nanotubes, for
example.[®] Rh may have an additional special advantage in that both the 3C and 4C coordination environments are active
and stable, obviating the need to use synthetic strategies that produce one coordination over the other.

Notably, our list of candidates includes complexes comprised entirely of earth-abundant metals that show potential to
become excellent hydrogen catalysts. These include complexes based on Fe, Mn, and Mo. It is possible that the high activity
of 4CMo could be related to the recent discovery of high catalytic activity in Mo,C;57accordingly, it would be interesting to
investigate whether the predicted active 4CMo maotif is present at the sur- face of Mo,C.

Although our simple descriptor for catalytic activity can be used to select complexes with the optimal energetic alignment
to maximize Kinetics, it does not predict the associated mechanisms or how efficient those optimized kinetics might be.
Moreover, it does not distinguish between HER and HOR activity, since both reactions have the same reaction intermediate
(surface-adsorbed hydrogen) upon which the descriptor is based. A more complete assessment of the actual reaction
kinetics requires a detailed examination of the specific mechanisms associated with the other HER and HOR stages on TMEG
materials.
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Figure 4. Energetic alignment (in eV) of the surface-bound H (Hg,) and Kubas-coordinated H, (HZK“baS)[61] intermediates for two of the
ten HER catalyst finalists that can follow the Volmer-Kubas reaction pathway. Free energies are referenced to gaseous H, (1/2 H;(g)) in

equilibrium with a solvated proton at standard conditions. Differential free energies of adsorption for all ten finalists can be found in Table
1.

For HER, surface hydrogen typically undergoes either electrochemical or chemical recombination in order to evolve as an
H,gasmolecule. In general, electrochemical recombination with an approaching proton from the electrolyte and an electron
from the electrode (the so-called Heyrovsky Reaction) requires a rather high reaction barrier because the surface hydrogen
needs to break an existing bond with the surface to form a new bond with the approaching proton.’®1 On the other hand,
chemical recombination between two surface hydrogen atoms (the so- called Tafel Reaction) can in principle be much more



efficient, but requires facile surface diffusion so the atoms can discover one another at the recombination site. The best HER
catalysts feature low barriers for surface hydrogen diffusion and can therefore take advantage of the kinetically preferred
chemical (Tafel) recombination mechanism.5>¢% Similarly, the reverse process of dissociation and fast surface diffusion
(i.e., H; spill- over) can be utilized to drive the HOR. For instance, Pt exhibits very high hydrogen surface mobility and
catalyzes both H, dissociation and association depending on the coverage of surface hydrogen and the chemical potential
of the H, gas; accordingly, Pt shows high activity for both the HER (association) and HOR (dissociation) reactions.

On TMEGs, surface hydrogen diffusion between active sites requires transfer of the hydrogen substrate between the TM
atom and carbon matrix and is likely to be prohibitively slow. This renders a kinetically efficient Tafel mechanism for HER
improbable. However, we find that there exists a secondary intermediate state between TM-bound surface atomic hydrogen
and the free gaseous H, molecule. This intermediate is based on a Kubas interaction!®“62l in which the H, molecule is
associated yet chemisorbed (see Figure 4). If binding is sufficiently strong, the Kubas complex can reduce the kinetic barrier
involved in bond breaking and subsequent bond reformation and introduce a modified Kubas-mediated HER pathway with
enhanced efficiency. The first step involves proton abstraction onto the TM, as usual. However, the next step involves
binding of a second hydrogen atom directly into the Kubas complex, which subsequently desorbs as molecular H,. Note that
this process has beneficial aspects in common with both the Tafel and the Heyrovsky mechanisms, in that it involves the
chemical association of two surface-bound hydrogen atoms (like the Tafel mechanism), yet does not require surface
diffusion because the process can happen fully on the TM site (like the Heyrovsky mechanism).

4BRh 4CMo 4COs klaY 3CMn 3CFe 3CNb 3CTc 3CRu 3CPt Pt
AG,4s (H) 0.02 -0.16 -0.13 0.09 -0.12 0.00 0.01 -0.03 0.17 0.08 -0.09-0.03»
AG,gs (Hwb) 0.11 0.11 0.11 0.17 0.20 0.02 0.21 0.02 0.12 0.24
AG,q; (2H) 1.45 -0.02 0.53 N/A N/A N/A N/A 0.17 N/A 0.14
dAG,4s/dNy 0.13 0.27 0.24 0.08 0.32 0.01 0.21 0.04 -0.05 0.16
(Kubas-mediated)
CO binding energy 1.52 1.33 1.79 1.19 1.29 1.47 1.15 1.41 1.18 1.28 1.63%
O, binding energy 0.87 245 1.72 2.45 2.41 2.01 3.73 2.63 0.88 1.61 0.60°°
Ecoh — Eemb -0.64 -0.34 -0.41 -1.96 -2.30 -2.34 -1.29 -1.35 -2.17 -1.75

Table 1. Free energies of adsorption (AG,4s) associated with surface atomic H, Kubas-type H,, and fully dissociated surface H, (2H)
configurations on the ten finalists that support the Kubas-mediated HER pathway. The corresponding differential free energy of adsorption
of the second hydrogen atom (AG,q) for this pathway is also listed. AG,4; is referenced to gaseous H,. For comparison, results for Pt are
also shown. All energies are given in eV.

For each of the 25 promising candidates from the initial screening, we analyzed the energetics for the Kubas complexes to
determine which have sufficient interaction strength to enable the more kinetically favorable Kubas-mediated HER
pathway. As before, we assess activity by adopting the criterion that the adsorption free energy of the Kubas complex must
lie within 0.2 eV of the zero reference (i.e., gaseous H,, which is in equilibrium with the solvated proton at standard
conditions). Applying our criterion reveals that 10 of the 25 materials feature good energetic alignment for the Kubas-
mediated HER pathway; these are shown in Table 1 and include the earth-abundant Fe, Mn, and Mo complexes discussed
earlier. Note that the 3CFe and 3CTc complexes have particularly favorable energetic alignment. The remaining 15 materials
cannot take advantage of the kinetically favorable Kubas-mediated HER pathway; we propose that the importance of this
pathway in enhancing kinetics could be investigated experimentally by sys- tematically comparing the candidates listed in
Figure 3.

Next, we turn our attention to the HOR, in which gaseous H, is dissociated and released as solvated protons. By analogy
with our discussion of the Tafel HER mechanism, a spillover- based process that follows H, dissociation with rapid surface
diffusion is not allowed. In this instance, the Kubas complex may again be beneficial, in that it can act as an intermediate to
lower the kinetic barrier for the initial H, molecular binding. However, the HOR also requires a pathway for dissociating H,
directly on the TM site, which places an additional restriction on the energetics for HOR that was unnecessary in our
discussion of the HER. We therefore search for complexes that can support a metastable configuration in which the two
surface hydrogens are dissociated on the TM site (we refer to this con- figuration as 2H). The corresponding pathway is
shown schematically in Figure 5.

Accordingly, we select HOR catalysts from among our ten HER candidates by scanning for materials that can support the
2H configuration with reasonable energetic alighment (i.e., AG,4 close to zero with respect to gaseous H,). It turns out that
only two materials (3CPt, 4CMo) support a 2H configuration that is energetically accessible, as shown in Figure 5. Since



each of these also supports an accessible Kubas binding state, H, can initially be attached as an elongated H, molecule in a
Kubas configuration, then dissociated directly on the TM site into the 2H configuration. We point out that Pt/C and its
variations have been already tested as HOR catalyst in hydrogen fuel cells;[%3¢* however, our calculations suggest that high
activity can also be obtained by using atoms of Pt that are monodispersed and embedded into monovacancies within
graphitic carbon, which could significantly reduce the required amount of catalyst material. Significantly, we also found
that the earth-abundant Mo atom at a divacancy site (4CMo) has excellent energetic alignment for HOR, better than that of
3CPt. Therefore, we propose that 4CMo could replace the use of Pt at the hydrogen fuel cell anode and thereby significantly
reduce the cost.
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Figure 5. Energetic alignment (in eV) of the Kubas-coordinated H, (HZK“baS), dissociated H, (2H), and surface-bound H (Hgy )
intermediates for the two HOR catalyst finalists (3CPt and 4CMo) along the pathway.

As a final step, we also examined the propensity of our predicted HER/HOR catalysts toward possible poisoning by CO or
0, during cycling. Such poisoning is a known problem for many catalysts and is a consequence of competition between
binding of hydrogen and competing gases. It is difficult to directly assess the poisoning rate, which is dependent not only
on the gas binding energy but also on its concentration and diffusion mobility in the operating environment. Nevertheless,
we can make a comparison with Pt as a standard. On Pt surfaces, where CO poisoning is a known issue, the theoretically
reported binding energy of CO is 1.63 eV, based on the same level of theory used in this work.[%] We want materials that
bind CO more weakly than this limit. As shown in Table 1, CO binding energies are <1.63 eV for nine out of our ten catalyst
finalists (average = 1.36 eV), satisfying our criterion. Incidentally, nearly all of our 25 initial candidates that passed the
stability and activity screening also have binding energies below this threshold. Within this larger pool, the weakest CO
binding (and hence the highest poisoning resistance) is found for Group-IIl embedded TMs with three valence electrons
(4BSc:0.71 eV, 4NSc: 0.88 eV, 4NY: 0.75 eV, and 3NLa: 0.62 eV). This suggests that the CO binding energy is partially related
to the d-orbital occupation. Although they cannot take advantage of the Kubas-mediated reaction pathway, we point out
that these Group-III complexes may still be attractive for applications where CO poisoning resistance is sufficiently crucial
that some potential sacrifice in overall reaction kinetics is warranted.



One potential limitation could be the availability of catalytic sites in TMEGs, which are dispersed throughout the surface.
However, this limitation can be overcome by embedding the TMs in high surface-area sp? carbon materials based on TMEG
in order to increase the gravimetric and volumetric density of active sites. As an illustration of the viability of this strategy,
it was recently demonstrated that 4NFe motifs embedded into carbon nanotubes can outperform existing Pt/C in terms of
current density and stability, even though they contain only a few atomic percent of TM catalyst material.3> We also point
out that although the area-specific density of active sites may be lower than for all-TM surfaces, the volumetric and
gravimetric densities could potentially be much higher. This is because carbon is lightweight and forms in thin layers,
whereas TM sur- faces tend to contain heavy subsurface and bulk atoms that are catalytically inaccessible. Moreover, the
optimally tuned TMEG catalysts may require fewer overall sites if the per-site turnover rate can be maximized.

The fact that the TMEGs are based on graphene derivatives also opens up a variety of potential carbon synthetic pathways.
In addition to graphene, other practical sp? carbon materials such as fullerenes and carbon nanotubes could be equally
viable hosts. Conventional methods for synthesizing sp? carbon materials, such as chemical vapor deposition (CVD) or
pyrolysis of precursors, 46476667 could also be applied to TMEG synthesis. In doing so, we expect that careful control of
temperature and partial pressure of precursors, in addition to the proper choice of precursor materials, will be necessary
to ensure that the desired TM maotif is attained. Because many of our finalists consist only of carbon and a TM, careful control
to avoid forma- tion of metal carbide may be particularly critical.

In fact, several groups already reported recent experimental observations on atomically embedded TM into the lattice of
graphene without N or B glue atoms, as confirmed using atomic resolution imaging techniques such as transmission
electron microscopy (TEM) and scanning tunneling micros- copy (STM).[*368-70 In particular, Chisholm et al. report that
embedded Cr, Fe, Co, Ni, and Cu atoms remain atomic even after their TMEGs are exposed to air for extended times.[®*] He
et al. used a focused electron beam to create carbon vacancies, then incorporated FeCl; to form various defects including

3CFe and 4CFe. Wan et al. also reported that single Mo atom incorporation into epitaxially grown bilayer graphene.

Significantly, our calculations offer a possible interpretation for several recent experimental results of high catalytic activity
for TM-embedded carbon composites. For instance, Deng et al. synthesized catalysts comprised of Fe, Co, and FeCo
encapsulated within nitrogen-doped carbon nanotubes (NCNT) using CVD, and reported high HER activity with a 70 mV
overpotential versus the reversible hydrogen electrode (RHE).’Y They explained the activity in terms of the surface
nitrogen sites, whose energetics are influenced by the TM inside the NCNT. Although this is a possibility, their high-
resolution TEM image shows that the NCNTs are multiwalled, which would make it difficult for the Co to influence outer-
wall nitrogen. They also find a high-energy barrier when modeling the Heyrovsky reaction on the nitrogen sites, which
points to the possibility of alternative active sites. Similar reports of high HER activity have appeared on metallic Co-
embedded NCNTSs from CVD using alternative precursors’? and on carbon-wrapped Co nanoparticles on nitrogen-doped
graphene.[”®! In each case, the enhanced catalytic activity was attributed to modifications associated with the nitrogen
atoms or carbon lattice. Instead, we speculate that in each of these three cases, the authors may also be observing TM atoms
that are directly embedded into the sp? carbon matrix, where they form TMEG motifs and serve as active sites for HER. In
this scenario, nitrogen may be acting as a glue atom. We point out that, according to our material screening (see orange oval
in Figure 3), 3NCo and 3NFe are the

materials that have high activity and they can be synthesized through kinetic stabilization. This hypothesis could be con-
firmed by using core-electron spectroscopy techniques with high local chemical sensitivity such as XPS, XAS, and XES of
nitrogen K and other edges, which should be able to detect the different hybridization of nitrogen with the Co 3d states and
with the carbon lattice.?!

4. Conclusion

In conclusion, we performed a computational search of hydrogen catalysts comprised of TM atoms embedded within
graphitic carbon (TMEGs). Based on criteria associated with stability, activity, and resistance to poisoning, we identified
ten materials that show promise as highly efficient HER catalysts, two of which are also viable for the HOR. Several of the
pro- posed materials are composed entirely of earth-abundant elements, offering significant synthetic and cost advantages.
For instance, an Mo atom embedded within a divacancy site in graphene (4CMo) appears particularly promising for
catalyzing the HOR in addition to the HER and is therefore an excellent candidate for inclusion in proton exchange
membrane fuel cell anodes. Finally, we report a new pathway for hydrogen catalysis that involves a Kubas complex
intermediate, which we propose can enhance the kinetics of the most active TMEG catalyst candidates. We expect that our
work will stimulate research efforts in next-generation hydrogen catalysts based on bio-inspired TMEG motifs.
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