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ABSTRACT: Carbon materials doped with nitrogen and 3d transition metals have e
attracted a great deal of interest for catalyzing electrochemical reactions such ag@a o
splitting, oxygen reduction, and carbon dioxide reduction. Here, we employed density dute—pp ——

reduction and oxygen evolution reactions. Salgi we investigated the interp high spin
among adsorption energies, the spin state of theaCtwe center, and the appli f > dave

nnnnnnnn

functional theory to study CH-doped carbon as electrocatalysts for the o>§e”n\ / I a0y —H-
I

potential. We found that adsorption energies strongly depend on both the applied j , "_ﬁ—
potential and the spin state of the Co center. Furthermore, spin state transi o ", \
induced by the applied potential also play an important role in determining the .

adsorption energies. Thiget originates from a drent potential of zero charge and
capacitance of each spin state.

KEYWORDS:Co- and N-doped carbon, spin crossatamg/gen reduction reaction, oxygen evolution reaction, pH-dependent acti\
density functional theory, constant-potential condition

INTRODUCTION electrode methdd, which then enables the prediction of

8verpotentials of the ORR and OER at the active sites of
erest. Although it has been very successful in guiding the
evelopment of Pt-based alloy catalysts for the ®©RRis

h method oversimpls the physics of the electrochemical

interface under the reaction conditions, leading to deviations
om experimental results for M-N-C catalysts. For example,
e onset potentials for the ORR over /&l MnN, are

The electrocatalytic oxygen reduction reaction (ORR) an
oxygen evolution reaction (OER) are two key processes f
proton-exchange membrane fuel ‘cell$i cial photosyn-
thesis, and metalair batterie3.Electrocatalysts with hig
activity and durability toward these reactions are critical
important for bringing these technologies toward wid

deployment in our society. The state of the art catalysts f . :

these reactions, however, contain precious metals such a: ?—IP predicted to be 0.58 V vs th? reversible hydrogen

for the ORR and Ir/Ru oxides for the OER; their high cost elegtrode (RHE), Wher_ea_s the gxperlm_ental values &r&0.2
! iéhlgher than the predictiofisA similar discrepancy between

and scarcity reduce the economic feasibility of thes eory and experiment exists for g9 In order to deepen
technologies in comparison to traditional energy industri y P P

based on fossil fuels. Replacing precious-metal catalysts \BHPunderstandlng of the electrocatalytic properties of M-N-C

catalysts made of cheaper and more earth abundant elemenf% gs!?f;;tsihlttrﬁaIglg'(l)'rgl](t:fltl);tfgﬁgrtﬁ; ﬁg;:jagg %%Wc;}sfzreemelliscligg
an active pursuit by researchers worldwidemong various Py P '

noble-metal-free formulations, 3d transition-metal and nitr rfglrn Onsné?'r;g's Irc])ftr;gaii%rr?n;r?trg:?nn:ddiagzra?:,\Ud(;lec’u}gg d
gen-codoped carbon materials (M-N-C) are among the mo { 9 9

e ‘OR assuming constant-charge conditions, in which the total
gr:eﬁ;:ilar}%grgggs gfo‘fé’,‘ IS"-‘/;;Z f?\;nl?ﬁlt_hétlh% haseogein number of electrons before and after the adsorption remain

demonstrated to exhibit high ORR and OER activitie constant. This assumption is not suitable for electrocatalysis

Periaps he most kely actve Stes of hese N-N.C catay ECELSE e sectiode polental s bcaly held corstant
are single-atom MNcenters embedded in the carbon 9 9

matriced+1415 before and after adsorption. It has recently been pointed out

In studies of M-N-C catalysts, density functional theory
(DFT) calculations have played an important role inReceived: June 3, 2020
facilitating the structural characterization of known activgevised: September 21, 2020
sites and also evaluating the activity of proposed active/Plished: September 25, 2020
sites:® *® The latter is achieved by coupling DFT-calculated
binding energies of ORR and OER intermediates, i.e., OOH
OH*, and O, with the famous computational hydrogen
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that the charge dérences caused by the constant-potentiabelow 0.05 eV/A. The occupation matrix control plugin for
condition can have a more sigant eect on carbon VASP, developed by the Watson group, was employed to
materials than on metal electrodes due to a limited densiienerate initial structures according terdnt metastable
of states of the formeérWhen constant-potential conditions magnetic statésThis was achieved by constraining the,CoN
are considered in DFT calculations, the calculated bindirgpin state by setting the occupation matrix of d-electron
energies can have a strong dependence on the appliedalization and then relaxing the geometry. The constraint on
potential, resulting in a more accurate understanding of thie spin state was subsequently removed, and the system was
electrocatalytic behaviors. For example, the potential-depenatlewed to relax toward the targeted metastable state.
ent binding energies under constant-potential conditions haveThe applied voltage to the electrochemical interface was
been adopted to explain pH-dependent electrocatalytgimulated by adding or removing electrons to the supercell.
activities of Au for CO electro-oxidation and &RR. The charged slab together with the compensating homoge-

Second, it is surprising that the spin states of the M-N-@eous background charge (automatically added by VASP)
catalysts are often not investigated in detail when bindimgplarized the electrode/electrolyte interface. The aqueous
energies are calculateddeally, all possible spin states, i.e.environment of the electrolyte was treated with a continuum
low-spin (LS), intermediate-spin (IS), and high-spin (HS)dielectric model as implemented by the Hennig group in the
states, should be examined to determine the most stable stetfeSPsol cod&>° The relative permittivity was set to 80 to
in order to obtain accurate binding energies. Moreover, it imodel an aqueous electrolyte. The cavity setting in VASPsol
well-known that the spin state of transition-metal complexegas turned oby setting TAU = 0. The potential-dependent
can change in response to external stimuli, includinigee electrochemical energy of the electrode/electrolyte
temperature, pressure, and photoexcitation, via spin crosgerface can be calculatetf
over® At the electrochemical interface, the, Mbtive sites .
are subject to strong electritds in the electric double layer.  EredQ = Esce i+ EfdoS ¢) f )
The spin state of the MNenters might also undergo spin
crossover in response to the eleo#it, as modulated by the whereq is the excess number of electrégs; is the self-
applied potential. The control of spin transitions by an appliecbnsistent energy directly obtained from DFT calculations,
electric eld has already been demonstrated and has importaai,, is the correction to thdéscr due to the use of
implications for molecular spintroRics.In electrocatalysis, homogeneous background charge, an@f) which is the
however, the electrostatic spin crossowamt das seldom  work function of the charged sBg,, is calculated using the
been studied for M-N-C catalysts. average electrostatic potential of the supargell

Here, we employed DFT to calculate the binding energies of q
reaction intermediates of the ORR and OER on the CoN Eoorr = \l; dQ
active center under constant-potential conditions. caigci 0 )
we systematically investigated the magnetic states of bare
adsorbed Col\centers as a function of electrode potential. Wi
found that the applied potential can induce spin crossover
the CoN, center because each spin state respoedsmtly to — &4 RS
the electric eld in the electric double layer. As we show, the U (V/SHE) = S4.65 q(f)/eV
electrostatic spin crossoverat plays an important role in the
electrocatalytic activities of Gabward the ORR and OER.

e? P\g electric potential of the charged slab witxcess
ﬂectrons referenced to the SHE is calculated as

®)

where 4.6 V is the work function of the¢HH couple under
standard conditions. In order to model the charged interfaces
COMPUTATIONAL METHODS at di erent applied potentials, for each modeled structure,

) ) ) ) . calculations were performed at charge2.06& to +2.0e with
Spin-polarized DFT calculations with a plane-wave basis §etrements of +0.5e. The free energy at the 11 charge values
were pezrgoggned using the Vieabanitiosimulation package ere thent to a quadratic function to provide the free energy
(VASPY: Electronic exchange and correlation werezg 5 continuous function of potential. The quadratic form is
described using the Perd@urke Ernzerhof functiondl. consistent with a capacitor created by the charged-slab/

Core electrons were treated within the projector augmentgghckground-charge system, which takes the form
wave frameworK.In all calculations, the energy cuibthe

plane wave basis set was 400 eV. The IDRTethod was _ =1 = P
applied to the 3d orbitals of Co to correct for@di electron Bred U =S 2 qQus Y+ & (4)
self-interactioff. A value ofUy = 3.3 eV was used to
reproduce the experimental heat of formation of Co txidesWherel, refers to the potential of zero charge (PEg} the

Slab models consisting wé graphene layers ip(d x 4) energy at the PZC, ailis the capacitance of the surface.
supercell were employed to model clean and adsorbaferom the tted quadratic functions for the bare slab and slabs
covered ColNembedded in graphite surfaces. The middlewith adsorbates, the binding energies and reaction energetics
layer wasxed during structural relaxation. Symmetrical slabgs a function of electric potential were calculated.
with adsorbates on both surfaces of the slab models were useihe pH can also act the adsorption energies of reaction
to eliminate any electric dipoles. The total surface area wii¢ermediates by ectively changing the electric potential.
167.84 Afor the model. A 20 A vacuum gap was used tdndeed, by changing the pH value, the electric potential on the
eliminate interactions between periodic images perpendicuté@ndard hydrogen electrode (SHE) scale also changedt a
to the slab surface. The Brillouin zone integratiRrsgace potential on the reversible hydrogen electrode (RHE) scale
was performed on a axA0x 1 k-point mesh sampled using according to the relation
the MonkhorstPack scheni&.Optimized structures were
obtained by minimizing the forces on each ion until they fell Urne = Usuet kg In(10)pH/e 5)
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Figure 1.Projected density of states (pDOS) of the 3d orbitals of Co ions in (a) LS and (b) HS statgs(oj CaNulated total energies
(points) and polynomialks (lines) of LS and HS states of Gal¥ a function of potential. The shaded areas in (a) and (b) are the total DOS.
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Figure 2.Atomic structures and pDOS of 3d orbitals of Co ions in the (a) LS, (b) IS, and (c) HS s@ik&#€oN,. (d) Polynomial ts of

various spin states*@H/CoN, as a function of potential. The calculated total energy values can be fouBubjmottieg InformatioThe
shaded areas in (d)) are the total DOS.

In this study, we evaluate pH-dependent ORR activities on thevels, leaving a single electron in fhewkl. Hence, the LS
RHE scale by applying eient binding energies at the SHE state has a total spin®f 1/2. In the HS state, one electron
scale at derent pH values. in the ¢, or d,, level gets excited to thg ¢ level, which
A computational hydrogen electrode method was employ@dssesses a total spirSef 3/2. The d-orbital occupancy of
to construct the free energy diagram of the electrochemia@bN, does not change as a function of potential; details can be
reactions?* In this method, the binding energies of threefound inFigure S5
intermediates*O,H, *O, and*OH) as a function of applied  The total energies of the LS and HS states as a function of
potential were calculated using the potential-dependent totgkctrode potential are calculated and preserféglie &.
energies of the clean and adsorbed models.c8fpecthe  The potential-dependent energy of the HS and LS states are
binding energies € values) were calculated as follows:  ell represented by the parallel capacitor model and thus
1 . . follow a parabolic function. Théted parameters of the
Econ(Y = E(EOZH( US K YS4 Epo+3 B parabolic functions are givenTiable S1The PZCs and
©) capacitances of the two states are similar. The energy gap
between the LS and HS states is as high as 1.4 eV. Thus, no
_1 & & spin crossover is possible and the LS state is the ground state
oY = E(E*O( VS HVYS2 Ro+2 R) of CoN, in the potential range of interest.
) *OH/CoN,. After OH adsorption on the Cglenter, the
1 Co ion transfers one more electroh@bl. Consequently, the
Econ(VY = Z(Bo(U S B WS2 Eo+ R Co ion has the 3delectron corguration. The electronic
2 ’ structures of the Co d orbitals in the LS, IS, and HS states of
(®) *OH/CoN, and their corresponding atomic structures without
The binding energies are halved because of the symmetridaped charge are showirigure 2 c. The LS state 8OH/
slab model employed. The free energy correctioto.for CoN, has a total spin &= 0 since the unpaired electron on

*0, and*OH are 0.4, 0.05, and 0.35 eV, respectively. the d: orbital in the ColLS state transfers t®H. The IS
state features two unpaired electrons injh& d, and ¢
RESULTS AND DISCUSSION orbitals and thus has a total spiS=fl. In the HS state, four

Bare CoN. We examined the LS and HS states of,CoN unpaired electrons occupy the d,, dz, and ¢  orbitals,
The projected density of states (pDOS) of the 3d orbitals ovith a total spin o = 2. The potential-dependent d-orbital
Co ions of these two states and the corresponding schemaeupancies of LS, IS, and HS states can be féugarinS5

electronic structures are showrFigure &,b, respectively. ~ The atomic structures'®H/CoN, vary with spin state, as
The CoN, center has a square-planar geometry, which caus#¥®wn inFigure 2A most striking structural change between
splitting of the degenerate 3d states of Co iptg, di, spin states is the location of the Co ion relative to the graphene

doubly degeneratg,@nd ¢, and ¢, energy levels. The Co plane. The Co ion sticks out of the plane as the spin state goes
ion in CoN, has a 3felectron corguration. The LS state of from LS to IS and HS. In the HS state, the Co ion lies above
CoN, features the full occupancy of lowgrdl,, and ¢, the plane by 0.78 A. In addition, the adsortedi sticks up

12150 https://dx.doi.org/10.1021/acscatal.0c02458
ACS Catal020, 10, 1214812155


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02458/suppl_file/cs0c02458_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02458/suppl_file/cs0c02458_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02458/suppl_file/cs0c02458_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02458/suppl_file/cs0c02458_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c02458?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

more in the IS and HS states, which can be characterized i applied potential. In carbon (or in general for materials
the CoOH angle. The potential-dependent geometries of LSyith low DOS) the applied potential is determined by the
electric potential and the shift in electron chemical potential

IS, and HS states can be founBigure S6
The potential-dependent energies of the three spin states of as seen irFigure 8, and thusU

*OH/CoN, are shown inFigure @&. Only the tted
polynomial curves are shownFigure @ for clarity; the
calculated total energy points can be fouRthime S2and
the tted parameters are summarizedhivle S1The energy

di erences among the three spin states are small at th@ipere ¢ is the total capacitance or electrochemical

pacitance;y is the traditional electric capacitance of the
' double layer, an@, e(ddqd ) is the quantum capacitance.
To calculate the chemical potential shifte integrate the

respective PZCs. The HS is slightly more stable than the otheg
states with a 0.2 eV energyedénce. The three spin states
however, respond to the applied electrode potentiedratly.

The HS state becomes more stable than the other two stalggy| pos to obtain the energy level that can accommodate the

under potentials deviating from their respective PZCs. This

to the other states, making its energy decrease more rapidly;

a function of the applied potential.
The higher capacitance of the HS state of@#/CoN,
partially originates from its higher quantum capacitance,

discussed below. The quantum capacitancerstastro-

duced in 1988 in a pioneering work for designing nov
transistors® The relevance between quantum capacitance
electrocatalysis of carbon materials has, however, seldo
been studiet. It is well-known that, in a metal/electrolyte
electrochemical interface, there is an electric potentialdrop

a

across the interface caused by the surface charge

neutralizing ions in the electrolyte. Therefore, the electr

low DOS, the applied voltage can also cause ltiagdor
depletion and a corresponding Fermi level shift. Téis e

results in a second capacitance in series to the elect

capacitance in the double layer, which is called the quant
capacitance (). In Figure 3 we plot potential pree

a

electrode

solution

Pm

®s

electrode

b

e >,

)

solution

Qe

Ps

Figure 3.Potential proe diagram across the (a) metal/solution
interface and (b) carbon/solution interface.

Figure 3the electric potential of the metal electrgpequals

q

+ /e By

di erentiating the equation with respect to the charge density

g, we can get

UC=1/G+1/ G

9)

. X Mimber of electrons as if the system has zero charge; the
because the HS state has the largest capacitance in compar,

$%Yence between this energy level and the Fermi energy is
8fermined to be. Then the electric potential drogan be

determined by using = U /e The validity of this

approach was tested against a metal electroti®Haf
PR111). We plotted the doped charge agdinstand /eas

hown inFigure S30bviously, the quantum capacitayice
/€ is in nitely large due to the large DOS of the metallic

stem and so the total capacitance coincides with the double-

%r capacitance. Similar plots foerdnt spin states of
OH/CoN, are shown ifrigure 4 The charge vs potential
urves aret with linear functions to obtain the slopes

corresponding to the approximate capacitance values. It can be
Ceen thatC, values for all the spin states have magnitudes
comparable to th€, values due to the low DOS near the
B€rmi energy. Thus, theiirence of the quantum capacitance
cannot be ignored. Among the three spin states, the HS state

has the large<t, of 5.9 e/V, which is consistent with its
hest DOS at the Fermi energy, as showrigime 2

nsequently, the HS state should have the lowest potential
drop due to quantum capacitance, which will lead to higher
total capacitance, assuming that all spin states have the same

|.

In addition to the highe, value for the HS state, tGg
value of the HS state is also higher than those of the other two
spin states. To determine the physical origin @;tloé the
HS state, we studied the dipole moments associated with the
*OH/CoN, center and their change caused by the applied
potential. We are only concerned with the dipole moments
along thez direction, perpendicular to the interface. The
dipole moment is calculatecpas
charges and positions for 4N, Co, O, and H atoms at the
diagrams across the electrode/electrolyte interfaces compari@H/CoN, center, respectively. The atoms are considered
the traditional metal/electrolyte interface and carbon/electrgaoint charges and are assign@dpbe, +3e, 2e, and +1le
lyte interface under an applied potentialAs seen from

a(z  z). g andz are

charges for N, Co, O, and H atoms, respectively. The change in
dipole moments as a function of electid (assuming a

a s

2
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Figure 4Doped charge as a function/a (green), andJ (blue) for (a) LS, (b) IS, and (c) HS states®H/CoN,. The calculated data are
t to linear functions to obtain the slopes as indicated.
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double layer width of 3 A) for @rent spin states are shown in HS state at the PZC. The HS state, initially less stable,
Figure 5The calculated points ateto linear equations, and becomes more stable than the LS state at high potential due to

the higher capacitance of the HS state. The potentials for spin

2 : crossover are located afi.2 and 1.5 V. The higher
oLS capacitance of the HS state is due to its higher quantum
=1S - capacitance in comparison to that of the LS state, as can be

I Ans 1.64 seen inFigure SAThe IS state, however, has a much lower

_ PZC, 0.45YV lower than those of the other two spin states. As
. = a result of this PZC shift, the IS state becomes energetically
o<t 0r y 7 favorable at potentials larger than 0.2 V, as segnuiia @.
L -7 So far, we have demonstrated that the spin crossester e
Ny [ - can be induced by the applied potential. The spin crossover
ISH 1.20 _ - can be realized in two dient ways. First, when two spin
_ - states have the same PZCs burdnt capacitances, the spin
of - = ) state of higher capacitance can be more stabilized by the
- -5 electric eld due to the second-order Staice as depicted
- 0.36 in Figure a. Second, when the PZCs areréit for the two
-06 -04 -0.2 0 02 04 06 a b
U/d (V/A) spin state 1 spin state 1
Figure 5.Electric dipole moments at th®H/CoN, center as a - -
function of interfacial electrield. The lineart slopes are indicated. g spin state 2 g spin state 2
C c
the slope indicates the polarizability of @id/CoN , center. . -
The polarizability of the dirent spin states follow the order
HS > IS > LS, which is consistent with the ordeC;of
capacitance $OH/CoN, centers of derent spin states. The Potential Potential

high polarizability of the HS state originates primarily from the

easy conformational rotatior*@fH under an electriceld. Figure 7.Schematics of two cases involving spin-state transitions.
*Q,H/CoN,. The atomic and electronic structures of the Co

3d orbitals of*O,H/CoN, in the dierent spin states are spin states, one of the states can be stabilized more than the

shown inFigure @ c. The electronic structures*@,H/ other state by the bias potential due to tseorder Stark

CoN, are similar to those ®©H/CoN,. Structurally, the Co e ect, as shown iRigure B.

ion also rises up from the graphene plane in the HS state as irfO/CoN,. The atomic structure 8fO/CoN, is shown in

the case of OH/CoN,. Another major structural drence Figure &. The Co ion has a B3electronic corguration

between dierent spin states is the orientation of*tbgH because two electrons transfé&CtoThe electronic structures

molecule, which can be characterized by the dihedral anglethe LS and IS states*@/CoN, are shown ifrigure 8,c.

between the OOH and CoOO planes, as indicated by the rethe HS state is found to be unstable, since it relaxes to the IS

arc inFigure @ c. In the IS state, the dihedral angle is thestate upon removing the occupancy matrix constraint. The

largest, indicating that the H atom is pointing upward rathgvotential-dependent energies of the LS and IS states are shown

than lying at, as in the LS state. The potential-dependent din Figure 8. The IS state is the energetically favorable state in

orbital occupancies and geometries of LS, IS, and HS states tten potential range of interest. The potential-dependent d-

be found inFigures S5 and Sespectively. orbital occupancies and geometries of LS and IS states can be
The potential-dependent energies of the three spin statfmund inFigures S5 and S@&spectively.

have been calculated and are presenitéglire @. It can be Binding Energy and ORR/OER ActivityThe binding

seen that the PZCs of the LS and HS are nearly identical ahergies of ORR and OER reaction intermediates are

about 0.06 V. The total energy of the LS state is lower than tlealculated as shownFRigure 9 On the basis of the binding
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Figure 6.Atomic structures and pDOS of 3d orbitals of Co ions in the (a) LS, (b) IS, and (c) HS s@dfCufN ,. (d) Polynomial ts of
various spin states*d,H/CoN, as a function of potential. The calculated total energy values can be foubdpinatiieg Information
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Figure 8 Atomic structures and pDOS of 3d orbitals of Co ions in (a) LS and (b) IS st@#&0df,. (c) Calculated total energies (points) and
polynomial ts (lines) of the LS and IS states©fCoN, as a function of potential.

spin-state transition in the case@H/CoN , is essential for

the exceptional ORR activity in acid. The ORR onset potential
at pH 1 would decrease to 0.54 V/RHE if tfigH/CoN ,

spin state remained in the LS state. For OER, RadNan
onset potential as high as 2.5 V/RHE due to the weak
adsorption ofO as a result of the rapid increase ir@e
binding energy as a function of potential. On the other hand,
CoN, performs exceptionally in catalyzing the OER in alkaline
media with an onset potential of 1.51 V/RHE. The weak
adsorption of O in acid is alleviated by operating at a much
lower potential vs SHE due to the pH increase. The
exceptional OER tidty also bends from the high
capacitance of the HS state ©H/CoN,, which eectively
stabilize$OH adsorption at high potential* @H/CoN , was

in the next favorable IS state, the onset potential would further
increase to 1.7 V/RHE.

CONCLUSION

In summary, we show that the adsorption energies of reaction
J)@termediates of the ORR and OER on the Q@Nter are
strongly modulated by the applied potential. In addition, the
spin crossover ect induced by the applied potential also plays
an important role in determining the adsorption energies of
energies, the ORR and OER activities of,@pH 1 and 13 reaction intermediates and thus the electrocatalytic activities of
are predicted using the hydrogen electrode method. The frg®N,-C for the ORR and OER. We demonstrate that the spin
energy diagrams constructed using the calculated bindiegssover occurs because each spin state respenedsiylio
energies are shown Hgure 10 The predicted onset the applied potential due to eient capacitance and PZC.
potentials for the ORR in acid and alkaline electrolytes are

0.8 and 0.76 V/RHE, respectively. It should be noted that the ASSOCIATED CONTENT

*  Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.0c02458

Atomic models, potential-dependent adsorption energies
of *OH and*OOH on CoN, potential-dependent d-
orbital occupancies and structural evoluB@r)(

Figure 9.Binding energies of reaction intermediates as a function
electrode potential.

AUTHOR INFORMATION

Corresponding Author
Graeme Henkelman Department of Chemistry and the Oden
Institute for Computational Engineering and Sciences, The
University of Texas at Austin, Austin, Texas 78712-0165,
United State®;orcid.org/0000-0002-0336-7153
Emailhenkelman@utexas.edu

Author
Zhiyao Duan Department of Chemistry and the Oden Institute
for Computational Engineering and Sciences, The University
Figure 10.Free energy diagrams of the ORR and OER op CoN Texas at Austin, Austin, Texas 78712-0165, United States

12153 https://dx.doi.org/10.1021/acscatal.0c02458
ACS Catal020, 10, 1214812155


https://pubs.acs.org/doi/10.1021/acscatal.0c02458?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02458/suppl_file/cs0c02458_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Graeme+Henkelman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0336-7153
mailto:henkelman@utexas.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiyao+Duan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c02458?fig=fig10&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c02458?ref=pdf

ACS Catalysis pubs.acs.org/acscatalysis Research Article

Complete contact information is available at: (18) Kattel, S.; Atanassov, P.; Kiefer, B. Catalytic activityl&(Co

https://pubs.acs.org/10.1021/acscatal.0c02458 C electrocatalysts for oxygen reduction reaction: a density functional
theory studyPhys. Chem. Chem. B3 15 148 153.

Notes (19) Narskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.,

Kitchin, J. R.; Bligaard, T.ndson, H. Origin of the Overpotential for
Oxygen Reduction at a Fuel-Cell Cathbdthys. Chem2@4 108
17886 17892.

ACKNOWLEDGMENTS (20) Fu, C.; Liu, C.; Li, T.; Zhang, X.; Wang, F.; Yang, J.; Jiang, Y.;
This work was supported by the Department of Energy und&ui, P.; Li, H. DFT calculations: A powerful tool for better
contract DE-SC0010576 and the Welch Foundation undétderstanding of electrocatalytic oxygen reduction reactions on Pt-
grant F-1841. The calculations were done at the Nationaésle)dzrﬂzg"CLC_aﬁ'eyrﬁig{r?]F;:]t- '\éat(e:ré ﬁgiézgl 183;%% of Alloy
Energy Research ScienComputing Center and the Texas n o o )
Advanced Computing Center, partially through the NsEore@Shell Metal Nanoparticle Catal#@S. Catal015 5, 655

660.
XSEDE program. (22) Liu, K.; Qiao, Z.; Hwang, S.; Liu, Z.; Zhang, H.; Su, D.; Xu, H.;

Wu, G.; Wang, G. Mn- and N- doped carbon as promising catalysts

The authors declare no competingncial interest.

REFERENCES for oxygen reduction reaction: Theoretical prediction and exper-
(1) Kraytsberg, A.; Ein-Eli, Y. Review of Advanced Materials fdMental validatioAppl. Catal., B019 243 195 203.
Proton Exchange Membrane Fuel Galisrgy Fugle14 28 7303 (23) Kim, D.; Shi, J.; Liu, Y. Substantial Impact of Charge on
7330. Electrochemical Reactions of Two-Dimensional Matérigisn.
(2) Tachibana, Y.; Vayssieres, L.; Durrant, J. R. Artificial photosy@hem. So201§ 14Q 9127 9131.
thesis for solar water-splittiNgit. Photoni@012 6, 511 518. (24) Duan, Z.; Henkelman, G. Calculations of the pH-Dependent

(3) Huang, Z.-F.; Wang, J.; Peng, Y.; Jung, C.-Y.; Fisher, A.; Wa@set Potential for CO Electrooxidation on Au(1L&pgmuir
X. Design of Efficient Bifunctional Oxygen Reduction/Evolutior2018 34, 15268 15275.
Electrocatalyst: Recent Advances and Perspédwd&mnergy Mater.  (25) Duan, Z.; Henkelman, G. Theoretical Resolution of the

2017, 7, 1700544. Exceptional Oxygen Reduction Activity of Au(100) in Alkaline Media.
(4) Chen, M.; He, Y.; Spendelow, J. S.; Wu, G. Atomically Dispers@dCS Catak019 9, 5567 5573.

Metal Catalysts for Oxygen Reduct®@S Energy Le019 4, (26) Gulich, P.; Goodwin, H.; GarciaSpin Crossover in Transition
1619 1633. Metal Compounds Springer: 2004; Spin Crossover in Transition
(5) Liu, X.; Dai, L. Carbon-based metal-free catdetisRev. Metal Compounds, pp 47.

Mater.2016 1, 16064. (27) Diefenbach, M.; Kim, K. Towards Molecular Magnetic
(6) Zhang, Q.; Guan, J. Mono-/Multinuclear Water Oxidation Switching with an Electric Bi#sgew. Chem., Int. 2607, 46,
CatalystsChemSusCh@®l9 12, 3209 3235. 7640 7643.

(7) Wu, G.; More, K. L.; Johnston, C. M.; Zelenay, P. High- (28) Baadiji, N.; Piacenza, M.; Tugsuz, T.; Sala, F.; Maruccio, G.;
Performance Electrocatalysts for Oxygen Reduction Derived fraganvito, S. Electrostatic spin crossover effect in polar magnetic
Polyaniline, Iron, and Cobatienc2011, 332 443 447. moleculeshat. Mater2009 8, 813 817.

(8) Bai, L.; Duan, Z.; Wen, X.; Guan, J. Bifunctional atomic iron-(29) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid
based catalyst for oxygen electrode reactiofatal2019 37§ MetalsPhys. Rev. B: Condens. Matter Mated 933y47, 558.

353 362. (30) Kresse, G.; Furthitter, J. Efficiency of Ab-Initio Total Energy

(9) He, Y.; et al. Highly active atomically dispersed CoN4 fuel cefaiclations for Metals and Semiconductors Using a Plane-Wave
cathode catalysts derived from surfactant-assisted MOFs: carbon-shell¢ SeComput. Mater. SE896 6, 15 50.

colngingrr]nent stre-ltgginergy. Envli;qnéﬁﬂlg\lli 250. 2605 | | (31) Kresse, G.; Furthitter, J. Efficient Iterative Schemes for Ab
f( tz] ang, Q. llja?' N Lt'@rir’m uag, : Ltggc go %:atayStﬁitio Total-Energy Calculations Using a Plane-Wave BaBlsySet.
709r7 € oxygen evolution reactitimem. Lomm Q56 Rev. B: Condens. Matter Mater. F¥8654, 11169.

) . . e o . (32) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
(11) Guan, J,; Duan, Z.; Zhang, F.; Kelly, S.; Si, R.; Dupuis, My oo imation Made SimpRhys. Rev. Letfi96 77, 3865 3868.
Huang, Q.. Chen, J.; Tang, C.; Li, C. Water oxidation on a(33) Blechl, P. E. Projector augmented-wave me#hyd. Rev. B:
gnYOOn%r;L;clear manganese heterogeneous ciatlyStatal2018 1, Condens. Matter Mater. Pt§84 50, 17953 17979.
' ﬁA) Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.;

(12) Bai, L.; Duan, Z,; Wen, X.; Si, R.; Guan, J. Atomically dispers n, A. P. Electron-energy-loss spectra and the structural stability
manganese- I for efficien lysis of oxygen r ' )
anganese-based catalysts for efficient catalysis of oxyge eduo nickel oxide: An LSDA+U studdhys. Rev. B: Condens. Matter

reactionAppl. Catal., B019 257 117930.

(13) Li, J.; et al. Atomically dispersed manganese catalysts for oxy er.vf/’hy$99L8.5Kh 1505h15'?'9" d idati . f
reduction in proton-exchange membrane fuelNatl<atal2018 ) Wang, L.; Maxisch, T.; Ceder, G. Oxidation energies o
1, 935 945. transition metal oxides within the GGA + U frameWwbsks. Rev. B:

(14) Chung, H. T.; Cullen, D. A_; Higgins, D.; Sneed, B. T.; HoloyCondens. Matter Mater. P2086 73 195107. .

E. F.; More, K. L.; Zelenay, P. Direct atomic-level insight into the(36) Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone
active sites of a high-performance PGM-free ORR cSilyste  INntegrationsPhys. Rev. 1976 13 5188 5192. _

2017 357 479 484. (37) Allen, J. P.; Watson, G. W. Occupation matrix control of d- and
(15) Zitolo, A.; Ranjbar-Sahraie, N.; Mineva, T.; Li, J.; Jia, Qf-€lectron localisations using DFT Phys. Chem. Chem. Pysi
Stamatin, S.; Harrington, G. F.; Lyth, S. M.; Krtil, P.; Mukerjee, S16 21016 21031. _
Fonda, E.; Jaouen, F. Identification of catalytic sites in cobaltt38) Mathew, K.; Sundararaman, R.; Letchworth-Weaver, K.; Arias,
nitrogen-carbon materials for the oxygen reduction re&dion. T. A.; Hennig, R. G. Implicit Solvation Model for Density-Functional
Commur2017, 8, 957. Study of Nanocrystal Surfaces and Reaction Pathv@ysm. Phys.

(16) Kattel, S.; Wang, G. A density functional theory study of oxyge#014 14Q No. 084106.

reduction reaction on Me-N4 (Me = Fe, Co, or Ni) clusters between(39) Fishman, M.; Zhuang, H. L.; Mathew, K., Dirschka, W.;
graphitic poregl. Mater. Chem.2Q13 1, 10790 10797. Hennig, R. G. Accuracy of Exchange-Correlation Functionals and
(17) Kattel, S.; Wang, G. Reaction Pathway for Oxygen Reductidifect of Solvation on the Surface Energy of Cdpipes. Rev. B:

on FeN4 Embedded Graphehd?hys. Chem. L2814 5, 452 456. Condens. Matter Mater. P29/3 87, 245402.

12154 https://dx.doi.org/10.1021/acscatal.0c02458
ACS Catal020, 10, 1214812155


https://pubs.acs.org/doi/10.1021/acscatal.0c02458?ref=pdf
https://dx.doi.org/10.1021/ef501977k
https://dx.doi.org/10.1021/ef501977k
https://dx.doi.org/10.1038/nphoton.2012.175
https://dx.doi.org/10.1038/nphoton.2012.175
https://dx.doi.org/10.1002/aenm.201700544
https://dx.doi.org/10.1002/aenm.201700544
https://dx.doi.org/10.1021/acsenergylett.9b00804
https://dx.doi.org/10.1021/acsenergylett.9b00804
https://dx.doi.org/10.1038/natrevmats.2016.64
https://dx.doi.org/10.1002/cssc.201900704
https://dx.doi.org/10.1002/cssc.201900704
https://dx.doi.org/10.1126/science.1200832
https://dx.doi.org/10.1126/science.1200832
https://dx.doi.org/10.1126/science.1200832
https://dx.doi.org/10.1016/j.jcat.2019.09.009
https://dx.doi.org/10.1016/j.jcat.2019.09.009
https://dx.doi.org/10.1039/C8EE02694G
https://dx.doi.org/10.1039/C8EE02694G
https://dx.doi.org/10.1039/C8EE02694G
https://dx.doi.org/10.1039/C9CC09007J
https://dx.doi.org/10.1039/C9CC09007J
https://dx.doi.org/10.1038/s41929-018-0158-6
https://dx.doi.org/10.1038/s41929-018-0158-6
https://dx.doi.org/10.1016/j.apcatb.2019.117930

ACS Catalysis pubs.acs.org/acscatalysis

Research Article

(40) Taylor, C. D.; Wasileski, S. A.; Filhol, J.-S.; Neurock, M. First
Principles Reaction Modeling of the Electrochemical Interface:
Consideration and Calculation of a Tunable Surface Potential from
Atomic and Electronic Structupllys. Rev. B: Condens. Matter Mater.
Phys2006 73 165402.

(41) Filhol, J.-S.; Neurock, M. Elucidation of the Electrochemical
Activation of Water over Pd by First Principlegew. Chem., Int. Ed.
2006 45 402 406.

(42) Hansen, H. A.; Rossmeisl, J.; Ngrskov, J. K. Surface Pourbaix
Diagrams and Oxygen Reduction Activity of Pt, Ag and Ni(111)
Surfaces Studied by DFPhys. Chem. Chem. B9@8 10, 3722.

(43) Luryi, S. Quantum capacitance deviqgd. Phys. Let988
52 501 503.

(44) Ochoa-Calle, A.; Guevara-Garcia, A.; Vazquez-Arenas, J.;
Gonztez, |.; Galva M. Establishing the Relationship between
Quantum Capacitance and Softness of N-Doped Graphene/Electro-
lyte Interfaces within the Density Functional Theory Grand Canonical
KohnSham Formalisth. Phys. Chem262Q 124 573 581.

12155

https://dx.doi.org/10.1021/acscatal.0c02458
ACS Catal2020, 10, 1214812155



