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Calculation method for photocatalytic OER and HER overpotentials

We compute the theoretical overpotential for the OER and HER by using DFT methods and the
computational hydrogen electrode model.! This method has been shown to be successful in
predicting trend of electrochemical activity on oxide surfaces>? and metal embedded nitrogen-

doped graphene (M-NG)*?. For OER, the overall reaction scheme can be expressed as:

OH +* — OH* + ¢ (1)

OH* + OH — O* + H,O (1) + e 2

O* + OH— OOH* + ¢ 3)

OOH* + OH" — O,(g) + H,O(l) + e + * “

As for HER, the overall reaction scheme can be written as:

H +e+* —>H*—> 12H, (g) + * 5)
For each elementary step in OER and HER, the Gibbs reaction free energy AG is defined as the
difference between free energies of the initial and final states, and is given by the following

expression:
AG=AE+AZPE—TAS+AGU+AGPH (©6)

where AE is the computed reaction energy of reactant and product molecules adsorbed on catalyst
surface; AZPE and AS are the change in zero-point energies and entropy in the reaction. The bias
effect on the free energy of each initial, intermediate and final state involving electron transfer in

= neU’ where U

the electrode is also taken into account by shifting the energy of the state by AGy
is the applied electrode potential, e is the transferred charge, and » is the number of proton—
electron transferred pairs. The change in free energy due to the effect of pH value of the
electrolyte is  considered by the correction of H concentration ([H']),

_ +1_
AG,y == kgTIn [H™]=pH X kgTn 10 kp is the Boltzmann constant and T is the

, where
temperature (298 K). Given that the high-spin ground state of the oxygen molecule is poorly

described in DFT calculations, the free energy of the O, molecule is determined by
Goz(g) = ZGHZO(Z) - ZGHZ(g) +4 x1.23(eV)

GOH_ = GHZO(I) +e - 1/26H2(g)

The free energy of OH™ is derived as
. The free energy of gas-phase water is calculated at 0.035
bars because this is the equilibrium pressure in contact with liquid water at 298 K. The free energy
of gas-phase water at these conditions is equal to the free energy of liquid water.

To evaluate the adsorption strength of OH*, O" and OOH", the adsorption energy of these
species is calculated by using DFT method with the equation:

Eads: Etotal - Ecatalyst - Eadmrbatea (7)

where, E a5 15 the energy of the bare catalyst, E,qorpaze is the energy of the free O, OH OOH or

H species in the gas phase, and E,,,; is the total energy of the catalyst with adsorbents. Based on
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the adsorption energies, we can obtain the adsorption free energy of O*, OH*, OOH" and H*. To
obtain the exact free energy of O*, OH*, OOH" and H" radicals in the electrolyte solution, the
adsorption free energies AGo+, AGou+, AGoou+ and AGy+ are relative to the free energy of
appropriate stoichiometric amounts of H,O (g) and H; (g), defined as follows:

AG . = AG(H,0(g) + *=0" + Hy(9))

=(E0*+EH2—EH20—E*)+(E +E

-E -F
zPE(0 ™) " ZPE(Hy) TZPE(HZ0) ZPE(*))

~TX (S . +Sy =Sy 0-5.) )

AG . =AG(H,0(9) + "—0H" +1/2H,(g))

=(E,, . +12Ey ~Eyo~E,)+ ( +1/2E -E

-E
ZPE(OH ™) ZPE(H,) "ZPE(H,0) " zpE(* ))

-TXx (S 128, -S -5
(OH*+/ Hy TH0 > 9)

AG =AG(2H,0 “>00H" + 3/2H
sop+ = BG(2H,0(9) + *S00H" + 312H,(9))

=(E,, - +32Ey ~2E, o~E,)+ (E +3/2E -2E

-F
ZPE(00H ™) ZPE(H,) ZPE(H,0) "~ zpE(* ))

~TX (S, . +3728y =25y 0-S.) (10

AG =AG(H" + e +x ©oH")

=(EH* —1/2EH2—E*)+(E -12E

-E -Tx (S
ZPE(H™) ZPE(H,) ZPE(*)) ( H

- 1725, ~5.)

*

(11)

The reaction free energy of (1)-(4) for the OER can be determined from the following equations:

OH 4+ * »0H" +e”

AG,=G ,+G _-G _-G,
OH e OH

= - -1/2 -
Gpe +G = G oD+ G _=1/26, (@) -G,

= 1/2 - -
GOH* + /GHZ(g) 61-120(1) G,

=AG
OH

*
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(12)
OH" +0H™ -»0" +H,0 +e”

AG, =G G G _ -G -G
B 0*+ H20+ e~ OH™ oOH*

*

=G . +Gyp+G - (GHZO(Z) +G - 1/2GH2(g)) -G

= (GO* + Gy, =Gy p(D-G.)~ (6, +1/26,,(9) =Gy o()-G.)

=AG , -AG
0 OH 13)

0" +0OH -00H" +e~

AGy=G  ,+G _-G .-G _

00H e 0 OH
= - - 1/2G
G ur TG -G .= (Gy o)+ G _1/26y (9)
_ _ G- - -G
(GOOH* + 3/261{2(9) ZGHZO(Z) G*) (GO* + GHZ(g) GHZO( ) *)
=AG ,-AG ,
00H 0 (14)

O0OH™ + OH™ =0,(9) + H,0(D) + e +=

AG,=Go () + Gy oD +G _++-G . =G _

= (2GH20(1) - 26y, (9) +4 X 1.23) + Gy o) +G _ +x

e

-G = (GuoD+G - 1/ZGH2(g))

=26y o(D-1/26, (9 + =G .

=492-AG .

00 15)
With this approach, the theoretical overpotential (n°FR) at standard conditions is defined as:
NOER = (GOER / ¢) - 1.23 (16)

where GOER is the potential determining step defined as the highest free energy step in the process
of OER and e is unit charge.

The HER performance is examined by computing the reaction free energy (AGH*) for H
adsorption based on the computational hydrogen electrode modelll at 0 eV. That is, the
equilibrium potential of the HER:

AG | =AE, + AE -TAS
0 H ZPE(H) H 17)

AEy is the hydrogen adsorption energy based on DFT calculation. AEzpE) is the zero-point
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energy difference between the hydrogen adsorbed state and the gas-phase state of hydrogen
obtained from vibrational frequency calculation. ASy is the entropy difference due to hydrogen
2),

S
where 72 is the entropy of gas phase H, at standard conditions (25 °C, 1 bar). The theoretical

AS
adsorption. Here we approximate the entropy changes of hydrogen adsorption as ASp~ 172( H

overpotential | for HER is determined by AGH "

NHER = |AGyx« | /e (18)
Like previous theoretical studies®, H*, OH* and OOH* can form H-bonds with H,O due to the
solvent effect. Hence, their adsorption free energies decrease. Here, the correction energies are
added to the electronic energy of the state to represent the total Gibbs free energy of the state. The

latter will be used to calculate the Gibbs free energy of reaction.

Table S1. Computed zero-point energies, entropy and the corrections (AGe,, (eV)) of the
adsorbates presented in the reaction.

AZPE(eV)
TAS(eV) AG o (€V)
MgGa,Se, MgAl,Se,

H,0 0.57 0.57 0.58

H, 0.27 0.27 0.41

H 0.13 0.13 0.11

0] 0.07 0.07

OH 0.34 0.41 0.30
OOH 0.37 0.37 0.40

Table S2. Computed adsorption free energy (eV) of the adsorbates in the reaction, and the
overpotentials (V) for HER and ORR.

AGy(eV)  AGo(eV)  AGou(eV)  AGoon(eV) — n"R(V) — n2PR(V)

MgGa,Sey 0.82 2.17 1.28 4.50 0.70 0.82
MgAlLSey 0.99 2.57 1.45 4.82 0.62 0.99
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Figure S1. Computed phonon spectra of the monolayer (a) MgAl,Se, and (b) MgGa,Se,.
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Figure S2. The free energy and kinetic energy versus the AIMD simulation steps; final
equilibrium structures (inset) at 7 = 600 K for (a) monolayer MgAl,Se, and (b) monolayer

MgGa,Sey, respectively.

S-6



(a)° 71(b)’

> > 2
2 2
) ]
on =1
1 P
-+ 3]
= =0
3 =

P A\ WA\ 7/ 4 \ o
K I MKL O VL

Figure S3. Computed band structures of (a) bulk MgAl,Se, and (b) bulk MgGa,Se,4 at the HSE06

level. The Fermi level is set to 0 eV.

Figure S4. Atomic structure of adsorbate on the surface of monolayer MgAl,Se,. (a) O, (b) OH, (c)
OOH, (d) H.
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