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ABSTRACT

On-site production of hydrogen peroxide (H,0,) using electrochemical methods
could be more efficient than the current industrial process. However, due to the
existence of scaling relations for the adsorption of reaction intermediates, there is long
established trade-off between the activity and selectivity of catalysts, as the
enhancement of catalytic activity is typically accompanied by four-electron O,
reduction reaction (ORR), leading to the reduced selectivity for the H,O, production.
Herein, by means of density functional theory (DFT) computations, we reported the
feasibility of several classes of important and representative experimentally achievable
single-atom catalysts (SACs) towards two-electron ORR, paying attention to their
stability, selectivity, and activity at the acidic medium. Starting from 210 two-
dimensional (2D) SACs, we demonstrated that SACs have the potential to break the
metal-based scaling relations and simultaneously achieve high activity and selectivity
towards H,O, production, and screened out 7 SACs with higher activity than the PtHg,
in acid media. Especially, a noble metal-free SAC, namely single Zn atom centered
phthalocyanine (Zn@Pc-N,), has a remarkable activity improvement with a small
overpotential of 0.15 V. Moreover, using multi-variable analysis and machine-learning
techniques, we provided a comprehensive understanding of the underlying origin of the
selectivity and activity of SACs, and unveiled the intrinsic correlation between structure
and catalytic performance. This work may pave a way to the design and discovery of

more promising materials for H,O, production.
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1. INTRODUCTION

H,0; is not only a versatile and environmentally benign chemical oxidant widely
used for water treatment,!> pulp bleaching,> and chemical synthesis,* but also a
potential candidate for energy storage.” Nowadays, the substantial demand for H,O,
places this chemical as one of the important products in the world. However, the
industrial production of H,O, is primarily based on the Riedl-Pfleiderer process
developed nearly 70 years ago,® which involves the sequential hydrogenation and
oxidation of anthraquinone. The inherent complexity and high energy consumption of
this process promote researchers to explore alternative processes for H,O, production.”
1 In this context, the development of an electrochemical process to partially reduce O,
to H,O, (O, + 2H"/e — H,0,) at the acidic medium would be an attractive strategy,
since it can be performed at ambient conditions utilizing renewable solar and wind
energies. However, we are still in lack of practical and cost-effective electrocatalysts
that exhibit high activity and selectivity for H,O, production

Scheme 1 summarizes the pathway for four-electron and two-electron O,
reductions. To achieve the high catalytic activity, the adsorption of HOO* should be
enhanced, while to obtain high selectivity, the adsorption of O* (the product of HOO*

dissociation) should be reduced.
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Scheme 1. Reaction pathways along with O, electroreduction.

To date, numerous materials, such as noble metals,'>'# metal alloys!>-?!, and
carbon-based materials,?>?® have been proposed to improve the catalytic performance
for two-electron O, electroreduction. Unfortunately, due to the general existence of
scaling relations for the adsorption of reaction intermediates (O*, OOH* and OH*),%*
30 it is a grand challenge to simultaneously achieve high activity and selectivity of the
electrocatalysts for H;O, production: tuning the binding strength of O* to improve the
selectivity towards H,O, production is commonly accompanied by changes of OOH*
adsorption energy, leading to reduced selectivity.

To simultaneously enhance the activity and selectivity, we need to increase the
OOH* binding strength and meanwhile decrease O* adsorption energy, thus the scaling
relations have to be broken in some way. Along this line, Siahrostami et al. theoretically
identified and experimentally demonstrated that Pt-Hg nanoparticles as a promising
catalyst for H,O, production.’! Note that the preferred adsorption sites of O* and OOH*
on metal surface are different (hollow site and atop site, respectively), the isolated Pt

atoms surrounded by inert Hg atoms can effectively bind OOH* as well as suppress the
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adsorption of O*, as reflected by the adsorption energies of OOH* and O* falling
below the scaling line of the elemental metal surfaces, and thus achieving the record-
high performance: a selectivity of up to 96% and a mass activity of 26 + 4 A

Grobie metal 3t 50 mV overpotential. Inspired by the great success of this strategy,
several bimetallic alloys, such as Pd-Hg and Pd-Au, have been developed,3>33 however,
the scarcity of noble metals and toxicity of Hg significantly hinder their large-scale
applications.

Single-atom catalysts (SACs), e.g., with metal atoms atomically dispersed on two-
dimensional (2D) materials, may help provide us a solution to achieve cost-effective,
stable, and highly active and selective electrocatalysts for direct H,O, production. SACs
could offer 100% utilization of metal atoms as active sites. More importantly, the
underlying substrate could dramatically modify the electronic structure of supported
single atoms, thus altering the activity and selectivity of the active site,>**! and making
it possible to break the scaling relations. Though extensive investigations have been
devoted into SACs,*** to our best knowledge, the possible structure-property
correlation regarding activity and selectivity of SACs for H,O, production has not been
examined.

Herein, by means of large-scale density functional theory (DFT) computations, we
systematically examined the stability, selectivity, and activity of several experimentally
feasible 2D SACs for H,O, production at the acidic medium. We screened over 210
SACs and found that 31 SACs can co-balance the selectivity and activity, which could

boost the high-performance for two-electron O, reduction. Remarkably, Zn@Pc-Ny4
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exhibits the highest activity with an ultralow overpotential of 0.15 V, comparable with
previously reported noble metal-based catalysts. Furthermore, combining multi-
variable analysis with the machine-learning method, we presented a deep insight into
interaction nature of adsorbates on SACs., and demonstrated the intrinsic structure-
property correlation of SACs. This work not only identified promising SACs, but also
provided a new strategy for discovering and designing high-performance SACs toward

direct H,0O, production.

2. COMPUTATIONAL METHODS

Our spin-polarized DFT computations were performed using the Vienna ab initio
simulation package (VASP).* The Projector-augmented-wave (PAW) potentials*
were employed to represent the electron-ion interactions, and the electron exchange-
correlation interactions were treated by PBE functional within the generalized gradient
approximation (GGA).#’ A plane-wave cutoff energy of 400 eV was adopted for all the
computations, and the Brillouin zone was sampled using the 3x3x1 and 9x9x1
Monkhorst-Pack k-points grids for structure relaxations and electronic structure
computations, respectively. To prevent artificial interactions between periodic images,
a vacuum space of at least 15 A was applied in the perpendicular direction of the 2D
layer. The convergence threshold for the self-consistent field (SCF) was set at 10 eV
for the total energy change and 0.02 eV/A for the maximum forces on atoms. To
describe the van-der-Waals (vdW) interactions between the reactants and the catalyst, we

carried out a dispersion correction using DFT-D3 method with the standard parameters
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by Grimme and co-workers.*® To include the solvation effect, we added a solvation
correction to the reaction intermediates, which was estimated to be ~0.3 eV#® (for
detailed explanations, see Supporting information (SI)).

The changes of Gibbs free energy (AG) for each elementary step along the two-
electron O, partial reduction was evaluated using the computational hydrogen electrode
(CHE) model developed by Nerskov and co-workers.’® In this model, the chemical
potential of the H/e- pair is equal to half of the gas-phase H, at standard hydrogen
electrode (SHE) conditions, and the electrode potential, U (versus SHE), is taken into
account by shifting the electron by —eU when an electron is transferred. The computed
electronic energy was converted into Gibbs free energy by adding zero-point energy
and entropy contributions, which are estimated by harmonic approximations. For free
molecules, the translational, rotational, and vibrational entropy terms were considered,
whereas for adsorbates only vibrational entropy was taken into account due to the
negligible contributions of the translational and rotational entropies. Since the high-
spin ground state of the O, molecule is poorly described in DFT computations,>!-2 all
free energies were computed relative to H,O(/) and H,(g). Moreover, to account for the
gas-phase errors encountered with PBE exchange-correlation functionals, the
corrections of -0.08, -0.06, and -0.09 eV were added to the electronic energy of H,,
H,O, and H,0,, respectively.® The excellent agreement between the computed
thermodynamic quantities for free H,, H,O, and H,O, molecules with the experimental

values (Table S1) demonstrates the reliability of our DFT calculations.
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3. RESULTS AND DISCUSSION
3.1. Screening process and catalyst models

To screen SACs suitable for electrochemical synthesis of H,O,, we set up three
criteria (Scheme 2): a) SACs should have superior thermodynamic and electrochemical
stabilities, so that they have good feasibility for experimental realization and are stable
in electrochemical environment; b) SACs can selectively stabilize the OOH* and c)
destabilize O* intermediates to guarantee the improvement of catalytic activity and
selectivity, respectively.

Screening single-atom catalysts

Thermodynamically Selectivity for H,0,
stable production
AE; <0 AGg: > AGh,p, — AGpyp
Stable in Low . S®
electrochemical overpotential
environment &
Suitable for AGooy,

H,0, o
. synthesis 2
X, _
2 AGoon:

Scheme 2. Schematic illustration of the discovery and design of SACs for the

electrochemical synthesis of H,O,.

In this work, we constructed totally 210 SACs models by rationally anchoring a
series of single metal atoms on several essential and representative experimentally
available substrates (Figure 1): i), the widely studied graphene materials, including
defective graphene>* and N-doped graphene-7 (M@Cs;, M@C,4, and M@Ny); ii),

boron nitride (BN) monolayer (M@N3),’%-%? iii), macrocyclic structures, a kind of two-
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dimensional covalent organic frameworks, which have been studied as substrates to
anchor single atoms for various reactions, including phthalocyanine-N, (M@Pc-Ny),%3
% pyrphyrin-N; (M@Py-N,),%7%8 and porphyrin-N; (M@Pr-N4).*>7?> In the next
sections, we will examine the stabilities of these SACs and their activities and

selectivity towards partial O, reduction following our screening strategy.

Cubic:.

) [ P
2HHEEE
IEIII |

Hexagonal:

..

Orthorhomic: Trigonal:

Ga Bi
(a) (b)

Figure 1. (a) Screened metal atoms with their most stable bulk structures. (b) Schematic

tllustration of all the considered SACs.

3.2. Stability of SACs.
To evaluate the thermodynamic and electrochemical stabilities of SACs, we
systematically investigated the formation energy (Er) and dissolution potential (U gss,

versus SHE), which are defined as Ef = Ey@syp — Esyp — Ey and U g5 = Ugiss
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E
(metal, bulk) — f respectively, where E); is the total energy of metal atoms in

ne’
the most stable bulk structure. Ey@syp and Egyp are the total energies of SAC and
substrate, respectively; Ugss(metal, bulk) and n are the standard dissolution
potential of bulk metal and the number of electrons involved in the dissolution,
respectively. According to the above definitions, a negative E¢ (<0 eV) indicates that
it is thermodynamically favorable to form the monoatomic moieties, and the diffusion
and aggregation of metal atoms could be suppressed, whereas a more positive U j;gs
relative to the equilibrium potential (> 0.7 V vs. SHE) indicates that the metal atoms on
the SAC under examination bind with the substrate strongly enough and the dissolution
of metal atoms can be avoided under the electrochemical conditions, thus the SAC is
stable in electrochemical environment.”> However, considering that SACs and bulk
materials may transfer a different number of electrons in the dissolution process, we
used a wider range in Uy (> 0 V) to account for such uncertainties, as most of the
experimentally synthesized SACs are within this limit (Figure S1).

Figure 2 shows the Ug;ss of supported metal atoms versus Ef of all the 210 SACs
examined in this study (detailed values of Ef and Uy, are given in Table S2-3).
Following these two stability criteria, the whole figure (coordinate plane) can be
divided into four quadrants, which are depicted by blue, yellow, green and purple
respectively. Note that a SAC with a negative Ef and a positive Uy, is considered as

thermodynamically and electrochemically stable. Only SACs fall into the blue region

will be considered in the following investigations.

10
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Figure 2. Dissolution potentials (U g;ss) of metal atoms versus formation energies (Ey)

of 210 SACs under investigation.
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Generally, compared with the early transition metal atoms (e.g. Sc, Ti, V, Y, Zr,
Nb and Hf), those in group 8 to 12 are more likely to be stabilized on the defective site
of the substrates under the reaction conditions, as indicated by the more positive U g
values of metal atoms. Particularly, atoms including Fe, Co, Ni, Ru, Rh, Pd, Ir, and Pt
display superior thermodynamic and electrochemical stabilities on all the studied
substrates, rendering these SACs experimentally feasible. Encouragingly, a series of
M@C; and M@N,4 moieties, as identified as experimentally feasible targets by our
computations, have recently been synthesized.”*”> Thus, the SACs with high
thermodynamic and electrochemical stabilities predicted here hold outstanding promise
for synthesis.

Moreover, substrates such as BN, Pc-N,, Py-N,, Pr-N, are demonstrated as good
supports to anchor most considered metal atoms. The favorable E¢ and U, values

could effectively suppress the dissolution of a metal atom during the O,

electroreduction process, offering these substrates as the potential hosts for metal atoms.

Our above screening process led to a total of 149 SACs which are expected to be
stable under the reaction conditions: 15 SACs for M@C;, 28 SACs for M@N;3, 14
SACs for M@Cy4, 15 SACs for M@g-N4, 26 SACs for M@Pc-Ny4, 23 SACs for M@Py-
N4, and 28 SACs for M@Pr-N,. In the following investigations, we will only consider

the catalytic selectivity and activity of these 149 SACs.

12
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3.3. Selectivity of O, electroreduction on SACs.

The electroreduction of O, can either produce the desired H,O, via the two-
electron pathway or H,O through the four-electron pathway. Since no contiguous active
sites are available on SACs surfaces, the O-O bond cleavage is not possible, which
excludes the possible dissociative mechanism.’® Thus, only associative pathway needs
to be considered (Figure 3a).

Apparently, once the O, molecular is hydrogenated by H*/e" pair, the further
protonation of OOH* (or transfer of H/e") can proceed via two reaction pathways: a)
OOH* + H/e- - O* + H,O (R]) or b) OOH* + H/e- - H,0,; (R2). To ensure that a
SAC thermodynamically favors H,O, formation relative to H,O, the potential barrier
for H,O, formation (R2) should be smaller than that for the hydrogenation of OOH* to
O* adsorbate and H,O (R7). Consequently, the Gibbs free energy of O* (AG(O*)) for
a SAC with a high selectivity towards H,O, production should be more positive than
3.52 eV (AG(H,0,) - AG(H,;0)).

Thus, we computed the AG(O*) values for all the 149 thermodynamically and
electrochemically stable SACs. Figure 3b-h presents the AG(O*) values versus the
group number of metal atoms for these SACs (for detailed values, see Table S4). Note
that only the SACs with AG(O*) lying above the 3.52 eV threshold value prefer the
H,0, formation (R2) rather than the desorption of H,O (R1), thus are selective towards
H,0, production.

Our computations showed that the Gibbs free energies of O* intermediate
(AG(O*)) for most of the SACs under investigation are less than 3.52 eV, indicating

13
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their poor selectivity for producing H,O,. Among 149 thermodynamically and
electrochemically stable SACs, only 31 SACs meet the selectivity criterion (AG(O*) >

3.52 V).
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Figure 3. (a) Schematic illustration of the reactions and the equilibrium potentials
during the O, electroreduction. (b)-(h) Computed AG(O*) as a function of the group
number of metal atoms. The horizontal dashed line denoted AG(O*) = AG(H,0,) -
AG(H,0) =3.52 eV.
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Interestingly, two factors were identified that play an essential role in catalytic
selectivity of SACs. One important factor affecting the O* binding strength is the
number of d-electrons of the metal centers. For the SACs with metal atoms in groups 3
to 10, increasing the number of d-electrons of metal atoms tends to weaken the
interaction between metal atom active site and O*. The increased valence electrons in
d-orbitals of these metal sites lead to the partially occupied antibonding states of M-O
bond below the Fermi level, and thus resulting in the destabilization of O* intermediate.

Another key factor affecting the binding strength of O* intermediate is the
coordination environment of metal atoms. Among these 149 SACs, the 3d transition
metals (TMs) of Ni, Cu and Zn, 4d TMs of Pd and Ag, and 5d TMs of Pt and Au
dispersed on g-N4, Pc-N4, Py-N4, Pr-N, present distinguished performance for
suppressing the O adsorption, offering a high selectivity towards H,O, production.
However, in the M@C;, M@N3; and M@C, systems, only Bi@C;, Bi@N;, Ga@Ns,
Cu@C,, and Bi@C, are expected to be selective for two-electron pathway, while the
rest of SACs prefer O, reduction via a four-electron pathway to H,O.

Our above procedure finally screened out 31 SACs that meet the selectivity
criterion, and their activity for H,O, production will be examined in the subsequent

analyses.

3.4. Activity of SACs towards H,O, production
In addition to high stability and selectivity, a promising catalyst for
electroreduction of O, to H,O, should have a small overpotential, or a sizable limiting

15
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potential (U;) close to the equilibrium potential (0.70 V vs. SHE). The ideal situation
is that the Gibbs free energy changes in each elementary step are the same at zero
potential so that all reaction free energies can be zero when the electrode potential
reaches equilibrium potential. Consequently, the optimal AG(OOH*) value is estimated
to be 4.22 eV, which can be used as an index to evaluate activity (for detailed
understandings, see Figure S2).

To screen out highly active electrocatalyst for HO, production from the 31 SACs
which survived our stability and selectivity evaluations, we computed the free energy
diagram for O, reduction to H,O, on these SACs (Figure S3). Elementary step with
maximum free energy change is defined as the potential-limiting step (PDS) of reaction,
and the theoretical limiting potential is determined by U, = AGpps/e, where AGpps is
the free energy change of PDS. The maximum U; of 0.70 V corresponds to zero
overpotential. Here, the activity and selectivity of PtHg,(110) were selected as a
benchmark for comparison because of its high-performance for two-electron O,
electroreduction (U;=0.46 V, details see Figure S4).3!

Figure 4a presents the computed U, of 31 SACs, and the volcano relation
between Uy, and AG(OOH?®) is plotted in Figure 4b. Clearly, SACs with AG(OOH?¥)
value below 4.22 eV hinders the formation of H,0,, while weak binding of OOH*
(AG(OOH*) > 4.22 eV)) leads to the O, protonation step as the PDS. Remarkably,
seven out of the 31 SACs examined here, namely Ag@Pc-N,, Ni@g-N4, Au@Pr-N,,
Ni@Py-N4, Au@Py-Ny, Zn@Py-N4 and Zn@Pc-Ny, display higher activity than the
noble metal-based PtHg, in acid media (U;=0.46 V).3! In particular, a noble metal-free

16
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SAC, Zn@Pc-N,4, has the highest activity for HO, production with U, of 0.55 V
(corresponding to the overpotential of 0.15 V). Note that the Ni@Py-N,4 proposed here
was also predicted to have retentively low overpotential for four-electron ORR,”” but
the selectivity of Ni@Py-N, was not fully considered. Moreover, six out of the seven
most promising catalysts are macrocyclic structures, demonstrating that macrocyclic
structures are of higher-performance than graphene- and BN-based materials examined

in this work.
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Figure 4. (a) Computed U; values of 31 SACs in comparison with the PtHg,
benchmark (U;=0.46 V). (b) Volcano relation between U; and AG(OOH*) for SACs.
(c) Variations of activity versus selectivity for SACs. The PtHg,(110) was selected as
a benchmark for comparison.

Since the thermodynamically predicted activity volcanoes on TMs have been
shown to be in close agreement with the kinetic activity volcanoes,’® assuming that the

kinetic activation barrier is equal to the thermodynamic free energy change of PDS
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(AGpps), we can readily compute the rate constant k using the Arrhenius equation
using the following equations
k = Aexp( —AGpps/kgT) (D
In(ksac/kpeng,) = [AGpps(PtHgs) — AGpps(SAC)]/kpT ()
and the catalytic selectivity can be estimated by the ratio of rate constant kg, and
kg1, via the equation of (3).
In(kgz/kr1) = [AG(0 ") — AG(H202)]/ksT (3)
Here, 4 is the pre-exponential factor, kg is the Boltzmann constant, T is the
temperature of 298.15K.

Figure 4c plots the variations of activity versus selectivity for 31 SACs and the
PtHg,(110) benchmark. Promisingly, the values of In(kg,/kg1) are always positive,
indicating that the two-electron reduction of O, is preferred on these SACs, in other
words, these SACs have a good selectivity towards H,O, production. Notably, the
computed values of In(kguc/ kperg 4) for Ag@Pc-N4, Ni@g-N4, Au@Pr-Ny, Ni@Py-
N4, Au@Py-Ny, Zn@Py-Ny, and Zn@Pc-N, are 0.88, 1.41, 1.93, 1.95, 2.68, 3.11 and
3.65, respectively. We can estimate that the reaction rate on the Zn@Pc-N, surface
could be 38 times (e3¢°) faster than that of the PtHg4(110).

To gain a deep insight into the kinetic aspects, we also investigated the energy
barrier for the potential-determining step, namely the hydrogenation of O, species, on
Zn-Pc-Ny, Zn-Py-Ny4, and Au-Py-Ny surfaces, since these SACs display the high activity
for H,O, production. The solvated proton was modelled by a HsO," near the
intermediates, following the recent experimental” and theoretical studies.®%3! A
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linearized Poisson-Boltzmann implicit solvation model was used to neutralize the
nonzero charge in the simulation, as implemented in VASPsol.8> We employed a
dielectric constant of 78.5 for water and a Debye length of 3.0 A to simulate one mole
electrolyte solution of monovalent cations. Our computations showed that the solvated
proton can spontaneously transfer to the O,* after full structural optimization (Figure
S5), suggesting that the electron-proton transfers to oxygen are very facile. This
phenomenon was also observed in the recently studied Fe-N-C system,®! in which the
energy barrier of the OOH* formation on the Fe-N, surface is estimated to be only 0.03
eV when using the HyO4" as the proton source. It is expected that such kinetic barrier
of proton transfer on the selected catalysts may not affect the general tendency based
on thermodynamic analysis.

In addition, we also examined the H,O, adsorption on the selected SACs. Our
computations showed that the H,O, on the selected catalysts only display weak binding,
as indicated by the computed adsorption energies (E,4) of -0.13 to -0.41 eV (Figure
S6); when taking account of zero-point energy and entropy contributions, the
adsorption free energies become positive, indicating the desorption of H,O, on the
selected catalysts can easily occur under the room temperature, and further dissociation
of the as-formed H,0, to HO* species on the metal active sites could be suppressed.
3.5. Origin of activity and selectivity for H,O, production

The origin of activity and selectivity on SACs can be understood by an interplay
between ensemble (or geometrical) effects and ligand (or electronic) effects. Essentially,
there exists a great difference between SACs and metal surfaces. On a metal surface,
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OOH* and O* intermediates normally adsorb on atop sites and hollow sites,
respectively. Whereas for a SAC, only atop sites are available for adsorption due to the
unique atomic ensemble at the active site. Thereby, the lack of hollow sites on the SAC
surface can specifically destabilize O*, while OOH* adsorption can be mostly retained.
Figure 5a illustrates the computed AG(OOH*) vs. AG(O*) on the 31 studied SACs as
well as a series of different metal surfaces.®3 On metal surfaces, AG(OOH*) and AG(O*)
present a nearly linear scaling relation: increasing catalytic selectivity towards two-
electron ORR significantly weakens the adsorption of OOH*, leading to the reduced
activity. In contrast, on the SAC surfaces, the adsorption of OOH* can be enhanced in
the high selective region (AG(O*)>3.52 eV). The computed AG(OOH*) of SACs falls
below the scaling line of the metal surfaces due to the strong ensemble and ligand
effects. This broken scaling relation enables SACs as active and selective catalysts

towards H,0O, production.
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Figure 5. (a) Variations of AG(O*) and AG(OOH*) on the 31 studied SACs. The

corrections of -0.02 and 0.17 eV were added to convert the electronic potential into

Gibbs free energy for O* and OOH*, respectively (see Figure S7). The weight of four

variables in O* (b) and OOH* (c) adsorption. (d) Scaling relationships between the

AG(O*) and By _ ¢. (e) Scaling relationships between the AG(OOH*) and Cppp+-

Normally, it is difficult to clearly separate the ensemble effects and the ligand

effects for O*/OOH* adsorption,

since the interactions between the reaction

intermediates and SACs involve some different stochastic distributions of multi-

variable. Here, we proposed a general strategy to identify the key properties for

adsorption using multiple linear regression method as described in equation (4),
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where AGY is Gibbs free energy of O*/OOH* intermediate, €4/, is the band center of
metal atom: the p-band center was used for Al, Ga, Sn, and Bi because of the existence
of partially filled p-orbital for these atoms, while the d-band center was used for the
other metal atoms. Cy and C; are the net charge of metal atom and O*/OOH¥*,
respectively. By _; is the bond population between the metal site and O*/OOH*. A,
B, C, and D are coefficients, and E is the constant due to the ensemble effects of SACs
(Further computational details are given in SI and Table S5-9). Simply, €4/, and Cy
represent the intrinsic electronic properties of the active site, while C; and By _;
denote the bonding characteristics between the metal atom and adsorbate. In principle,
the different adsorption behaviors of adsorbates can be divided into (1) interactions due
to the band hybridization, which can be characterized by &4/, and By _;, and (2)
interactions mostly related to the charge transfer, which can be quantified by Cj and
C;.

Using eq. (4), we can readily define the weight of these four variables in O*/OOH*
adsorption (Figure 5b-c). Interestingly, the adsorption of O* and OOH* intermediates
on SACs surfaces, which we refer as adsorption-induced surface interactions, exhibits
different interaction patterns.

For O* adsorption, the energy levels of partially filled metal orbital (d or p orbital)
and O-2p orbital are well matched, leading to the partial occupation of the bonding

orbitals. The strong band hybridization increases the bond population (B, _ o) between
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the metal atom and O*, which enhances the M-O interaction. Accordingly, the
contribution of the above properties towards increasing the AG(O*) follows the order
of By_o > Co» > Cy > &qyp- Note that the €4/, presents a poor correlation with the
AG(O%*) (Figure S8), implying that the band center model is ineffective in describing
the adsorption energies for SACs. This derivation could be ascribed to the strong spin
effects (Figure S9 and Table S10). After O* adsorption, the By _ o shows a clear spin
splitting between the o and [ orbitals. The strong spin polarization provides large
exchange stabilization energy for the a spin orbitals, shifting the a spin orbitals to lower
energy levels, and thus less interaction of a spin orbitals is observed.

For OOH* adsorption (Figure 5c), the contribution of the above properties for
enhancing the binding strength of OOH* has the following order: Cpoy+ > Cp >
By —oon = &q/p- In this case, the charge transfer between the OOH* and SACs plays
an essential role in OOH* adsorption, while the band hybridization has a small
contribution. Moreover, different from the O* adsorption, there exist some correlations
between the Cy, and the Cpopy+, which indicates that the metal site can be considered
as an electron donor, and the electrons can transfer from the metal atom to the adsorbed
OOH*. The different weights between Cy; and Cpop+ in OOH* adsorption can be
attributed to the contributions of the substrate.

During the O, reduction process, the substrate can serve as an electron reservoir.
Once the O, molecule is protonated by H*/e™ pair, the underlying substrate acts as an
electron donor and provides electrons to the OOH*, favoring the OOH* adsorption.
Thus, even for SACs with the same M@N,4 moiety, their catalytic activities may vary
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to a significant degree. For example, with the same Au@N, moiety, the U; values for
Au@Pc-N,, Au@Py-Ny, and Au@Pr-N, are 0.42, 0.53 and 0.51 V, respectively.
Overall, using multiple linear regression method and multiple-variable analysis,
we presented a deep insight into interaction nature of adsorbates on SACs. Interestingly,
since the bond population By, _ o and the net charge of OOH* Cpoy+ exert an
enormous function on O* and OOH* adsorptions, respectively, approximately a linear
correction exists between By _ o and AG(O*), and between Cpoy~ and AG (OOH*)
(Figure 5d-e). In detail, the SACs under examination can be divided into two categories
depending on occupation of these p-orbitals. For TMs (in group 3 to 12) with fully filled
p-orbitals, the Gibbs free energy shows a clear correlation with By, _ o and Cpoy~,
with adjusted R? of 0.87 and 0.82, respectively, implying the important role of band
hybridization and charge transfer in O*/OOH?* adsorption. However, for Al, Ga, and
Bi atoms with partially filled p-orbitals, the Gibbs free energy deviates from the linear
relation, which would be associated primarily with the p-states of metal atoms. As
shown in Figure S10, the computed partial density of states (PDOS) suggest that the
states of Al, Ga, and Bi near the Fermi level are mainly contributed by the p-orbitals,
while the d-states have small contributions. The interaction of the 2p-O states with a
broad distribution of p-states will give rise to the formation bonding states below the
Fermi level (Figure S11), leading to the partially occupied bonding states of adsorbates.
Accordingly, the binding strength can vary continuously as the surface electronic
structure changes, and the Al, Ga, Bi atoms display the different adsorption behaviors
compared to the TMs. Especially, since the Zn-Pc-N, can provide the moderate charge
24
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transfer and band hybridization for the adsorption of the OOH* and O* relative to the

PtHg, (110), respectively (Figure 6), the possible activity and selectivity of two-

oNOYTULT D WN =

9 electron ORR can be significantly improved.
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38 adsorbed on the Zn-Pc-N, and PtHg,(110) surfaces.

42 3.6. Identifying the intrinsic structure-selectivity correlation

As shown in our screening procedure, screening out the ORR catalysts with high
47 selectivity towards two-electron partial reduction is the key step. Since the catalytic
selectivity is significantly affected by the binding strength of O*, it is essential to
52 identify the intrinsic correlation between structure and AG(O*). So far, several
55 theoretical models have been proposed to correlate the adsorption energy of reaction
>7 intermediates (i.e., OOH* and OH*) with different properties of catalysts.3%-77:84

60 However, most of them are valid for a specific type of substrate doped with transitional
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metals, while general correlations between AG(O*) and the intrinsic properties of the
catalysts for all these three typical materials with both transitional metals and main
group elements are still elusive.

Thus, we utilized the machine-learning models to explore the correction between
AG(O*) and intrinsic descriptors of the 149 experimentally feasible SAC catalysts
(obtained in Section 3.2). A feature set with eight intrinsic descriptors are selected
(Table S11), which includes the adjusted electron numbers of d/p orbital (eg;,.), the
oxide formation enthalpy (Hr ,y),* electronegativity (N,y), electron affinity (4,,) and
first ionization energy (I,,) of central atoms, number of coordinated N atom (N,,), the
sum of the electronegativity of neighboring C and N atoms (SN,,,), the distance ratio
(R4, which is calculated by R;= Dy4/2D,., where D, is the distance between the central
atom and the hole center of materials, D, is the distance between the central atom and
the hole edges).

Note that in our ML model, adjusted d/p electron numbers are used. For early
transitional metals (Sc, Ti, Y, and Hf) and main group elements (Al, Ga, Sn and Bi), all
the electrons from the valence orbitals to the second outer d/p orbitals are counted (eqy,),
while for the other elements, ey, is the number of valence electrons of d orbitals. The
distance ratio is used to describe the void coverage of base materials. The first five
descriptors (€gp, Hfoxs Nm, Am, and I,;) are the chemical properties of central atoms,
while the others (N,, SN, Ry) are descriptors for the chemical environment.
Through these eight descriptors, we can depict the underlying patent of the intrinsic
descriptors and the catalysis performance of single-atom electrocatalysts.
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The random forest algorithm®-87 as implanted in scikit-learn®® were employed for
the optimal model. Random forests provide accurate predictions in many applications
through averaging more than hundreds of decision trees trained by randomly selected
samples. Cross validations were carried out for each training process with test sample
sizes around 20%. The max depth was set as 5 and the number of trees modeled was
200. The random forest model exhibits excellent performance, with a train score of 0.95
and a test score of 0.92. The predicted AG(O*) agrees well with our DFT results with
adjusted R? of 0.95 (Figure 7a), which suggests the applicability of the machine-
learning method to external data points.

Furthermore, we compared the importance of eight intrinsic descriptors, which
encode the insight into chemical properties in adsorption ability (Figure 7b). We found
that the interfacial binding is primarily associated with the readily available physical
properties of metal atoms, namely Hf,, and eg,, with feature importance of 0.59 and
0.20, respectively, while the other six descriptors have relatively low feature
importance. Especially, since the H,, reflects the oxophilicity of metal atoms, metals
with a weaker affinity for oxygen, such as Ag, Au, and Pd, can significantly reduce
band hybridization between the metal and oxygen, and thus result in the improved
selectivity toward the production of H,O,. This helps to explain why these metals are
commonly used in two-electron ORR electrocatalysts, which consistent with our
electronic structure analysis (Section 3.5). We conclude that the machine-learning

method is very helpful for establishing the intrinsic structure-property correlation, and
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thus accelerating the discovery of more efficient SACs toward two-electron O,

electroreduction.
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Figure 7. (a) Comparison between DFT and predicted AG(O*) values, where both
training and testing data points are presented. (b) Feature importance of random forest
model for AG(O*).
CONCLUSIONS

In summary, we presented a comprehensive understanding of the application of
experimentally available single-atom electrocatalysts for H,O, production, on the basis
of spin-polarized DFT computation and thermodynamic analysis. We demonstrated that
a total of 31 SACs could not only enhance the adsorption of OOH* but also suppress
the adsorption of O* relative to metal surfaces, which result in the high selectivity for
H,0O, production. Promisingly, the single Zn atom centered phthalocyanine (Zn@Pc-
N4) displayed an outstanding activity with an ultralow overpotential of 0.15 V,
comparable with reported PtHg, catalysts. Meanwhile, the high thermodynamic and
electrochemical stabilities of metal atoms can effectively avoid aggregation and
dissolution, rendering the Zn@Pc-N, as a distinguished electrocatalyst for two-electron
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O, reduction. Furthermore, by applying multiple-variable analysis with the machine-
learning method, we shed light on the underlying origin of the selectivity and activity
of SACs for adsorption-induced surface interactions, which includes the M-O band
hybridization, and charge transfer between SAC and OOH* intermediate, and presented
a general strategy to identify the intrinsic correlation between the readily available
physical properties of metal atoms (e.g. oxide formation energy) and catalytic
selectivity of SACs (both transitional and main group metals) in three types of
representative substrates. We believe this work will be helpful in guiding the design

and discovery for stable and efficient SACs towards direct H,O, production.
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