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Abstract

Improved oxygen electrocatalysis is crucial for the ever-growing energy demand.
Metal-Nitrogen-Carbon (M-N-C) materials are promising candidates for catalysts. Their
activity is tunable via varying electronic and geometric properties, such as porosity.
Because of the difficulty in modeling porosity, M-N-Cs with variable surface curvature
remained largely unexplored. In this work, we developed a realistic in-pore dual-atom
site M-N-C model and applied density functional theory to investigate the surface
curvature effect on oxygen reduction and evolution reactions. We show that surface
curving tailors both scaling relations and energy barriers. Thus, we predict that ad-
justing the surface curvature can improve the catalytic activity toward mono- and

bifunctional oxygen electrocatalysis.

Metal-Nitrogen-Carbon (M-N-C) catalysts are promising candidates to reduce reliance
on expensive platinum-group metals and achieve reliable activity for oxygen reduction and
evolution reactions (ORR/OER).™ The main feature of M-N-C catalysts is their porous

structure with single-atom sites, providing an adjustable site environment and efficient atom



usage.%” Density functional theory (DFT) has highlighted the principal limitations in the
development of new M-N-C catalysts.® For ORR and OER, the main limitation is the
scaling relation for two key intermediates, OH and OOH. 1014

Figure 1 illustrates the evolution of M-N-C models that address the OH-OOH scaling
relation at the DFT level. Changing the metal in model (a) — a single-atom site catalyst —
simultaneously and proportionally varies the adsorption energies of all intermediates; thus,
it is limited by the OH-OOH scaling relation.'® Changing the adjacent metals in model (b)
— a dual-atom site catalyst — also controls the adsorption energies and still follows the OH—
OOH scaling relation.'® Changing the geometry of model (c) — a dual-atom site catalyst
— enables an alternative reaction mechanism that excludes OOH and switches the scaling
relation.” 2% However, this artificial model requires impractical atomic-level control to make
a real electrode. Model (d) is an in-pore dual-atom site catalyst that also switches the
scaling relation to a more favorable one while providing more precise control of all adsorp-
tion energies. Moreover, the synthetic realization of model (d) can employ the intrinsic
properties of M-N-C materials, such as inter-site distance and surface curvature.

The effects of inter-site distance and surface curvature on electrocatalytic activity have
been discovered recently.??® On the one hand, the previously reported surface curvature
effect mimics the well-known strain effect.?* On the other hand, to the best of our knowledge,
the surface curvature effect that enhances dual-atom site catalysis remains unknown. Porous
carbon materials, such as M-N-Cs, are ideal candidates to investigate this effect because
they are inherently curved.?>2® A significant fraction of double-atom sites among randomly
distributed single-atom sites is visible in many M-N-C materials, for example, in microscopic
images in Refs.?%3% Hypothetically, optimizing surface curvature and inter-site distance of
M-N-Cs can change the reaction mechanism and increase the OER/ORR activity.

This work presents a realistic in-pore dual-atom site M-N-C model that relates surface

curvature to the activity of ORR and OER beyond the OH-OOH scaling relation limitations.
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Figure 1: Timeline of the M-N-C model development. The adsorption energies of intermedi-
ates vary with changing (a) M in the flat single-atom site model,'® (b) second M in the flat
dual-atom site model, % (c) geometry of the diporphyrin model,' and (d) surface curvature
of the in-pore model. Line color indicates a different M, line transparency indicates distinct

geometry.

In-pore dual-atom site model The surface curvature is a parameter common for all
porous carbon materials. More specifically, for nanotubes and cylindrical pores, the surface
curvature is the inverse of the inner radius (r). Our curved models (r = 4, 6, 8, 8.5 A)
represent the extent of surface curvature within micropores, while the flat model (with
r = 00) is a reference point for the usual adsorption behavior. To construct the models, we
start with an armchair nanoribbon, introduce two MeN, sites, and then curve the surface
to the desired radius as shown in Figure 2. We considered two models: with two CoN,
sites and with CoN, plus NiN, site. These models are further referred to as CoCo and CoNi
models, respectively. Cobalt was chosen based on existing information on optimal adsorption
energies on single-site catalysts; nickel was chosen as a lesser binding site to compare the

effect of the secondary site.
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Figure 2: (a) Top view on constructing a dual-atom site M-N-C model from an armchair
nanoribbon. (b) Side view on curving the flat dual-atom M-N-C model into in-pore models.

Surface curvature and the adsorption energies The surface curvature affects the
adsorption energy of each ORR intermediate within both associative and dissociative mech-
anisms (Figure 3(a)). The dependence of AGoon and AGo,on on the pore radius in Figure
3(b,c) has two components.

First — the metal effect on adsorption energy. Black bars in Figure 3(b,c) indicate similar
AGoon adsorption energies for CoCo and CoNi models at equal radii. That is expected
for the associative mechanism due to the weak neighboring effect and the preferable strong
binding of OOH to the CoN, site. In contrast, colored and white bars in Figure 3(b,c)
indicate lower AGo/on adsorption energies for the CoCo model than for the CoNi model at
equal radii. That is expected for the dissociative mechanism because of the weak binding of
OH to the NiN, site.

Second — the curvature effect on adsorption energy. Data in Figure 3(a—b) shows a
clear trend of decreasing adsorption energies with increasing radius. The decrease correlates
with a change in electronic structure upon curving (see the density of states analysis in

the SI). The decrease is steeper for dissociative than for associative mechanisms because



of the simultaneous adsorption of two intermediates (O and OH) rather than one (OOH).
Above all, curving the CoCo model surface from flat to 8 A adjusts the adsorption energy
to the ideal value of 3.69eV (green horizontal line). Nevertheless, in addition to reaching

an ideal adsorption energy, it is more important to adjust the energy differences for efficient

catalysis.
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Figure 3: First ORR intermediate adsorption energy for associative and dissociative mecha-
nisms: (a) Schematic drawing of both mechanisms, (b) CoCo model energies, and (c¢) CoNi
model energies. The green line indicates the ideal adsorption energy.

Surface curvature and the scaling relations For the dissociative mechanism, surface
curving allows adjusting the difference between the adsorption energies of two intermediates.
Figure 4 shows the dependence of AGo/on — AGon and AGoon — AGon on the inter-site

distance which is inverse proportionality to the squared pore radius (for derivation, see

the SI):
1 43

dr:doo_ﬁ.rz (1)

where d, is distance at radius r and d., is the inter-site distance on flat surface.
For the associative mechanism, the free energy difference is almost independent of the
pore radius and is close to the expected OH-OOH scaling relation of 3.2eV. On the contrary,

for the dissociative mechanism, there is a clear AG ~ r~2 linear dependence. Moreover, for



the CoCo model, the switch of scaling relations allows going below 3.2eV and approaching
the ideal difference of 2.46eV. However, that is not enough for an ideal catalyst, as the

dissociative reaction overpotential also depends on O and OH/OH intermediates in addition

to OH O/OH.
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Figure 4: The linearized plot of free energy differences vs. the inter-site distance which is
expressed as r~2. Using colored points as a reference, the pore radius of the CoCo model is
respectively oo, 8.5, 8.0, 6.0, and 4.0 A from left to right.

Surface curvature and climbing of overpotential volcanoes In Figure 5, we plot the
3D ORR overpotential heatmap (volcano)!'® and further generalize it to OER and bifunc-
tional overpotentials. The ORR overpotential in terms of intermediate adsorption energies

is defined as
TIORR — 1.23V — m1n(492 — AGQOH, AGOOH — AGO, ( )
2
AGO — AGOH, AGOH)/G
and for OER

nOER = max(4.92 — AGOOH, AGQOH — AGo, ( )
3
AGO — AGOH; AGOH)/(B —1.23V

with bifunctional overpotential Nyifune = Norr +71orr. These expressions and the assumption

that AGon ~ 2AGo define the contours in Figure 2.

The black data points (for the associative mechanism) are situated around the comparison



line which represents MeN, energies from Ref.'® and obeys the OH-OOH scaling relation.
The colored data points (for the dissociative mechanism on the CoCo model) follow a
dashed line characteristic for the OH-O/OH scaling relation.!® With increasing pore radius,
this line enters the low-overpotential region. For ORR in Figure 5(a), the dashed line is
only 0.15 V far from the volcano top when the pore radius is slightly above 8 A. With
OER in Figure 5(b), the situation is different, as the volcano shows a steeper dropoff of
overpotentials than for ORR, and the predicted radius—energy relationship does not improve
the OER activity as significantly. Overall, the resulting bifunctional activity is highest, with

the models having pore sizes of 8.0 A and 8.5 A.
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Figure 5: 3D overpotential heatmaps (volcanoes) for (a) ORR, (b) OER, and (c) bifunctional
overpotentials. Using colored points as a reference, the pore radius of the CoCo model is
respectively oo, 8.5, 8.0, 6.0, and 4.0 A from left to right. The volcano tops (7 = 0 V) are
marked with a dot at the crossing of thin dotted lines.

Surface curvature and the overpotential of reactions In Figure 6, we compare the
overpotentials for bifunctional oxygen catalysis on a complete free energy diagram. It shows
that increasing the pore radius from 8.0 A to 8.5 A decreases the NoRrR, but increases the
Noer. As a result, the optimal npifune = 0.45V is achieved around r = 8.5 A.

Note that the bifunctional overpotential is significantly lower than indicated by the over-

potential volcano shown in Figure 5(c). More specifically, nogr in Figure 5(b)is around 0.4V,




whether the directly calculated overpotential is 0.25 V. In general, more precise overpotential

calculations (Figure 6) predict even higher activity than those given by the approximation

AGop =~ 2AGo (Figure 4).
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Figure 6: Free energy diagram for the ORR dissociative mechanism. Results were obtained
at the CoCo model with variable pore radius and at an equilibrium potential of 1.23 V.

Surface curvature and the dissociation barrier As shown above, the OOH dissocia-
tion to O/OH switches scaling relation from OH-OOH to a more favorable OH-O/OH, and
theoretically increase the activity. The dissociation also excludes the 2e™ reduction to H,O,,

which is known to affect the ORR selectivity at single-atom site catalysts.3!32

However,
both activity and selectivity depend on the reaction kinetics. Data in Table 1 indicate that
surface curving affects a key parameter in reaction kinetics — the dissociation barrier. On a
plane surface (r = o0), the dissociation is thermodynamically favorable, but a high barrier
makes it improbable. On a strongly curved surface (r = 4.0 A), the dissociation is thermo-
dynamically unfavorable (due to intermediate repulsion), while the barrier is favorably low.
In between, the dissociation is thermodynamically favorable, and the dissociation barrier
grows with increasing pore radius. Hence, moderate curving can effectively balance kinetics

(Table 1), thermodynamics (Figures 3-4), catalytic activity (Figures 5-6), and selectivity

(Figure 3a).



Table 1: Results of nudged elastic band (NEB) calculations for the dissociation of OOH
to O/OH. Results obtained at the CoCo model with variable pore radius (r). G, is the
activation barrier; AG = AGo/on — AGoon is the dissociation reaction free energy.

r [A] G. [eV] AG [eV]

00 0.97 —0.45
8.5 0.78 —0.19
8.0 0.68 —0.18
6.0 0.51 —0.18
4.0 0.32 0.07

Discussion and Conclusions Using DFT calculations, we found that optimizing the
surface curvature can reduce the ORR overpotential below 0.20 V and achieve bifunctional
overpotential as low as 0.45 V, . e. lower than 0.74 V set by the OH-OOH scaling rela-
tion. The finding promises an advance in (bifunctional) oxygen electrocatalysis in fuel cells,
electrolyzers, and air-batteries.

We show that changing the mechanism and stabilizing the intermediates switches the
scaling relation from OH-OOH (limiting the overpotentials to 0.37 V) to OH-O/OH (limiting

19,33 while the second one —

the overpotentials to 0.15V). The first way is well-known,
stabilization by means of surface curving — is demonstrated for the first time.

The curvature effect remained unknown because curved models are rare due to their
peculiar geometry and periodicity (cf. Ref.3). The presented dual-atom site model has
adjustable curvature and realistic periodicity, and suits future studies on in-depth aspects of
in-pore electrocatalysis, such as stabilization via oxophilic spectator ligands and microkinetic
modeling. 33:3%

We suggest verifying the surface curvature effect at M-N-C catalysts by varying inter-site
distance and pore radius. Distributions of these two intrinsic properties of porous M-N-Cs
can be regulated by the synthesis conditions. Novel M-N-C catalysts can be, in princi-
ple, made with natural curving and randomly allocated in-pore dual-atom sites, unlike nan-
otubes, which are synthesized with specific radii and regularly allocated out-pore single-atom

sites. 3640
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