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Methods

Computational details.
Density functional theory calculations were carried out using projector-augmented wave approach'?and the

Perdew—Burke-Ernzerhof exchange-correlation functional,’ as implemented in the VASP.** The cutoff energy
was chosen at 500 eV, and the Brillouin zone was sampled using k-points of 0.02 A~!. Fermi-level smearing of

0.05 and 0.01 eV were adopted for PtTe and gas-phase species calculations, respectively. The convergence
thresholds for energy and atomic forces were set as 1x10° eV and 0.01 eV/A, respectively. The distance of
vacuum space was set to about 20 A. For multilayer systems, van der Walls interactions were included utilizing
Grimme's D3 method.®

The phonon spectrum was computed using Phonopy code’ with density functional perturbation theory

(DFPT).® Molecular dynamic simulations were performed using the (4x4) PtTe supercell and the NVT

ensemble, and were lasted for 10 ps with a time step of 1.0 fs, which was controlled by Nosé-Hoover method.’
The climbing-image nudged elastic band (CI-NEB) method!® as implemented in VASP was employed to

simulate the reaction energy barrier.

ORR Mechanism.
The dissociative and associative mechanism pathways are generally the following equations (S1) and (S2),

respectively.

Oz e d Oz* e d 20* —> O*+ OH* —> O* + HzO (OI' HzOz) e d OH* + HzO —> 2H20 (Sl)

02 —> Oz* —> OOH* —> O* + HzO (OI‘ HzOz) —> OH* + HzO e 2H20 (82)

where * denotes an adsorption site. Note that the protons and electrons have been left out for clarity. The H,O,
is the product of the 2e ORR.

Reaction Free Energies.

We used a (3x3) supercell and explored the ORR performance of PtTe monolayer with the computational

hydrogen electrode (CHE) model''.

The free energy of each species (G) can be expressed as:
G :EDFT+EZPE+_[CPdT— TS (83)

where Epgr, Ezpe, and S are ground state energy, zero point energy, and entropy, respectively. T is temperature
taken as 298.15 K. For adsorabtes, Ezpr and S are obtained by vibrational frequencies calculations with
harmonic approximation and neglecting contributions from the slab, while for molecules these are taken from
the NIST database.'’ These contributions to free energies are listed in Table S1. Besides, solvent effects on OH*

and OOH* have been considered by using the Poissson-Boltzmann implicit solavtion model'?; the dielectric

constant gis taken as 80 for water. The free energy of O, was derived as Gos = 2Gmo — 2Gmz — 4.92 €V, since
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O, in triplet ground state is notoriously poorly described by DFT calculations. The adsorption free energy for
the adsorbates (AG.q), including O,* (AGor), O*(AGo-), OH* (AGown-), and OOH* (AGoon+), can be
calculated by:

AGads = AEads + AEzpe — TAS (84)

where AE,q4 is adsorption energy of adsorbates, and AEzps and AS are the difference of Ezps, and S, respectively.

Moreover, in accordance with the CHE model, the effects of electrode potential (U) and pH on ORR can be

treated as an energy shift to free energy change in the electrochemical steps: AGy =—eUand AG,u = —ksTIn10

x pH. The free energy diagram of ORR shown in this paper has performed a potential correction to be standard.

Polarization Curve Simulation.

Following the kinetic model developed by Hansen et al.,"*'*'®we simulated the polarization curve of PtTe
monolayer. Here, we focused on the dominating dissociative mechanism pathway, as O, dissociation on PtTe
monolayer is identified to be quite thermodynamically and kinetically favourable. The O, molecule diffusion,

adsorption, and electrochemical reduction steps are listed by the following equations:

ky
Oz(aq) 2 Oz(dl) (SS)
k.y
ky
*a+ 0:(dl) 2 0% (S6)
k.,
3
0,42 0%+ 0% (S7)
ks
K
O*A + O*B +H" +e = O*A + OH*B (88)
ky
3
O*+ OH*+ H" + e 2 0%, + 3 + H,O (S9)
kg
ks
O*A +H*"+e 2 OH*A (SIO)
kg
k;
OH*A‘F H"+ e = *A + HzO (Sll)
6

where the two different adsorption sites derived from O, dissociation are highlighted by *s and *;. O;(aq) and
0,(dl) represent O; in the electrolyte and the catalyst-electrolyte interface, respectively. Note that equations
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(SS), (S6), and (S7) are non-electrochemical steps, and the rest of equations are electrochemical steps. Based

on the above reduction steps, we can gained the rate equations of each species, such as,

0x¢ (dn
O—Zt = k1X0,(aq) = k-1X0,(a = K2X0,(a)0s, + k_260,.,  (S12)
6901_1*
ot 4= k660*A - k—690H*A - k790*A + k—76*AxH20 (313)
206,
at B == k3802*A9*B - k—BHO*AHO*B - k48*B + k_4_90H*B (814)

Here the xy, (4q) and xy, o are taken as 2.34x107° and 1, respectively.'* Orepresents the coverage of the species.

These rate equations can be solved at steady state, and further infer the turn over frequency (TOF).
For non-electronchemical step i, its equilibrium constant (K;) can be expressed as:

AG;
K; = exp (—k ’Il") (S15)
B

where AG; s the free energy change of step i, and ks is the Boltzmann constant. The rate constant (k;) is given

by:

E .
ki=v; exp (— r a;) (S16)
B

where v; is the pre-exponential factor, and E,; is the activation energy.
While for electrochemical step, K; is associated with the reaction potential (U vs. RHE), given by:

e(U-U)

K = _— S17

= exp o ) ($17)

where Ui is the reversible potential of step i deduced by U; = -AG,/e. And the k; is written as:

E._. el: (U — U;
k=diep (- 5) exp(‘%) (818)
B B

where A, is an effective pre-exponential factor taken as 10%, and f; is the symmetric factor taken as 0.5." Since

the E,,; of electrochemical ORR steps are generally small, range from 0.10 to 0.26 eV,""* we adopted E, ; = 0.25

eV for all the electrochemical steps of ORR on PtTe monolayer.
Moreover, the rate constants for all the reverse reaction (k.), can be deduced by:

k
k= I_<, (819)
Finally, the current density (j) can be calculated by:
j =epTOF,- (520)
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Table S1. Zero-pint energy correction (Ezsz), entropy contribution (TS), and total free energy correction (G

— Euc) of the studied systems.

Species Ezpe(eV) —TS(éV) G — Eqe (eV)

H, 0.27 —0.40 —0.13
H,O 0.56 -0.67 —0.11
0" 0.13 —0.15 —0.02

o* 0.07 -0.06 0.01
OH* 0.34 —0.13 0.21

OOH* 0.43 -0.21 0.22
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Figure S1. (a) Top and (b) side views of bulk PtTe. The blue and brown balls represent Pt and Te atoms,

respectively.
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Figure $2. Cleavage energy estimation for the formation of PtTe monolayer. Increasing the distance between

the exfoliated PtTe monolayer and bulk, the energy increases and reaches convergence at ~5 A.

Figure $3. Snapshots of the equilibrium structure of (a) PtT'e monolayer at 1200 K and (b) O, on PtTe
monolayer at 300 K, respectively, at the end of 10 ps first-principles molecular dynamics simulation. The Te-

O bond lengths are given in A.
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Figure S4. Band structure of bulk PtTe. The Fermilevel is assigned at 0 eV.

.

Energy (eV)
NN o A

.
K é%\:/\K /:3

Figure S5. HSEO06 band structure of PtTe monolayer. The Fermi level is assigned at 0 eV.
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Figure S6. Partial charge density around the Fermi level of PtTe Monolayer (—0.5 eV < E — Ex < 0 €V).
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Figure §7. O, dissociation on PtTe monolayer.
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Figure S8. Free energy diagrams for the dissociative ORR pathway on PtTe basal plane at U = 0.86 V.
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Figure S§9. Partial density of states of the intermediates and the Te site-5p orbital.
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Figure S10. Free energy diagrams for the associative ORR pathway on PtTe basal plane at U = 0 V. The rate-

determining step is the reduction of OH* to H,O with a AG of —0.85 eV.
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Figure S11. (a) Top (left) and side (right) views of PtTe trilayer in a 3x3 supercell. (b) Free energy diagram
for ORR pathway on PtTe trilayer at U = 0 V. The rate-determining step is the reduction of OH* to H,O with

aAG of —0.89 eV.
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Figure S12. (a) Top (upper) and side (bottom) views of edge sites of PtTe modeled by a ribbon model. (b)
Free energy diagram for ORR pathway PtTe edge at U = 0 V. The rate-determining step is the reduction of OH*

to H,O with a AG of just —0.33 €V due to the too strong binding strength of OH*.
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