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1. Calculation method of HER and OER activity

1.1 Gibbs free energy of hydrogen adsorption

Under standard conditions, the HER catalytic activity of materials can be evaluated by the change
of the Gibbs reaction free energy of hydrogen adsorption (AGpx). AGp« can be evaluated by eq
(S1),

AG«=AE4+AEzpe-TASy (S1)
where AEy, AEzpe and TASy are the differences of hydrogen adsorption energy, zero-point energy
and the entropy between adsorbed hydrogen and hydrogen in the gas phase, respectively. AEy is
defined as

AE=ERE- ES L ER® (S2)
where E™", E®P" ‘and E,,, represent total energies of the catalyst with n adsorbed hydrogen
atoms, n-1 adsorbed hydrogen atoms, and H, gas, respectively. The asterisk denotes the catalytic

active sites. AEzpe can be calculated by eq (S3)

-)H 1 _H
AE 7pe=EXe-ESrg ->Ezfe (S3)
The ASy can be approximated as eq (S4)
1
ASHE—ES&Z (S4)

due to the fact that the vibrational entropy in the adsorbed state is small according to previous
studies,landSE'Zis the entropy of H, gas under the standard condition.? Here, the values of AE,pg
and TAS are referenced from Ref 2. Therefore,eq S1can be written as eq S5

AGy+=AE,+0.3 eV (S5)
The optimal AGy=value for HER is AGy« = 0, which means that the smaller values of |AGy+|, the
better HER performance of catalysts.
1.2 Volcano curve
To get exchange current, we adopted Norskov’s assumption.” When the proton transfer is

exothermic (AG,;~<0), the expression for the exchange current at pH=0 is:

1

|O:-eko m (SG)

For another case, if the proton transfer is endothermic (AG,~>0), under the same condition as

above, the exchange current is



. 1
lo=-eko 1+exp(AG, /kgT) (57)

Where the kg is the rate constantand kg is the Boltzmann constant, andk, is the rate constant, which
is set as 1 owing to the lack of available experimental data.?

For hydrogen evolution reaction, the overpotential is defined as the negative of absolute value
of the difference of free energy of hydrogen adsorption. The theoretical calculation overpotential
is defined as nHER=—|AGH*|/e><103in unit of mV. The optimum free energy for HER is 0 eV, and the
corresponding overpotential is OmV.*
1.3Calculation of standard free energy diagram for oxygen evolution reaction
The relation between Gibbs free energy (G) and DFT energy (Eper) are constructed on the

following thermodynamic approximations.>” Hydrogen electrode is assumed to be in equilibrium
H"(ag)+e"= 3 Hy(9) (s8)
Thus,
Hppr iy = %/‘OHZ(Q) (S9)
The experimental value of 2.46eV of standard Gibbs free energy changed of the reaction:
H,0=20,(g)+H,(9) (S10)
Thereby,

0 1o _o0 _
Hiiy)F 210,40 Hryon =246 8V (S11)

o 0 0 0 ; ;
Hyges s B g and H,0() represent the chemical potential of protons, electrons and hydrogen

and water at standard conditions, respectively. By definition, G=H-TS, where G is Gibbs free
energy which can also be represented by chemical potential , H is the enthalpy of the system ,
which equals to Epgr corrected by the zero-point energy (ZPE). S is the entropy of the system. The
ZPE and entropy at 298 K (TS) were retrieved from Ref. 6. As a results,

G=Epgr+ZPE-TS (S12)
At a standard condition (T=298.15K, P=0.035bars), the approximation chemical potentials of H,

molecule and H,O molecule can be defined as:

1l 9 _1

H 0
> M@= 3 (EoFr+ZPEw, ) TSh,(g) (S13)

~ _pH20 0
LLOHZO(D~HHZO(Q)—ED2FT(Q)+ZPEHzo(g)-TSHZO(O.OBSbars (S14)
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The proposed mechanism for OER consist of four intermediate steps at standard conditions under

electrode potential U are considered, each step on the active sites release of a proton and an

electron:
H,0(D+*—>HO +(H"+6")AG, (S15)
HO >0 +(H'+€)AG, (S16)
O +H,0()>HOO +(H'+6")AG; (S17)
HOO" —*+0,(g)+(H"+e)AG, (S18)

Where O*, OH*, OOH* are the adsorbed intermediates, * represent active sites on the catalysts
surface, (I) and (g) refer to liquid and gas phases, respectively. AG;, AG,, AG; and AG, are the
free energy of reaction (S15)-(S18). The overpotential of OER processes can be determined by
calculating the reaction free energies of the four different steps. The thermo-chemistry of these
electrochemical reactions was obtained by using DFT calculation combined with SHE model
developed by Narskov and co-work.? The thermodynamic approach establishes a minimum set of
requirements for the reactions based on the binding of the intermediates and the assumption that
there are no extra barriers from adsorption or dissociation of O, or proton/electron transfer
reactions. In our calculations, the OER were analyzed using intermediate species associated with
one electrons transfer at a time. In OER, the rate determining steps can either be the formation of
O* from OH*(Eq.(S16)) or formation of O* to OOH*(Eq.(S17)).° The adsorption energy of O,

OH* and OOH™ are calculated as follows °:

AE,5-=E(HO")-E(™)-(Ep,o- 1/2 En,) (S19)
AE ooy =E(HOO")-E(*)-(2E,0- 3/5 En,) (S20)
AE5+=E(0")-E(*)-(En,0-E,) (S21)

where E(*), E(O*), E(HO*) and E(HOO*) are the calculated energies of clean catalysts (Ni,P or
Ni,P/Cr,CO; )surface, and surface adsorbed with O*, HO*, and HOO*, respectively. E,o
and Ey, are the calculated energies of H,O and H, molecules in the gas phase. Considering the
ZPE and entropy corrections, the free energies of adsorption, AG.gs, can obtained by following
equation:

AGays=AE+AZPE-TAS (S22)

For each step, the reaction free energy AG is defined as the difference between free energies of the
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initial and final states, and is given by the expression:
AG=AE+AZPE-TAS-eU-kgTInH* (S23)
Where AE is the change of energy after adsorbed intermediate species, U is the potential at the
electrode. The free energy of reaction (S15)-(S18) can be calculated using Eq.(S23). The values of
AEzpe and TAS of intermediate adsorbates (O*, HO*, HOO¥*) are referenced from Ref 6. The
theoretical onset overpotential n, which is determined by the potential limiting steps (PLS), can be
obtained from the following equation.’
n=max(AG;,AG,,AG3,AG,) le-1.23[V] (S24)
The value of n is independent of pH. The ideal case for scaling relation requires AG3;=-AG,+2.46
[eV], where AG; is the free energy change of water dissociation on top of O* and AG; is the free
energy change of proton removal from HO*, the linear scaling relation of our calculation was
about fitted to AG3;=-1.33AG,+4.14 [eV] for Ni,P surface.
2. Calculation method of surface energy and interface binding energy
The surface energy of Ni,P surface can be obtained as:
v=[Gstan- Zi Nitg;|/2A (S25)
where Ggpp, is the Gibbs free energy of the slab, N; is the number of each component i within the
slab, and g is the chemical potential of component i per formula unit. A is the surface area of the
slab, and the factor 1/2 indicates that there are two surface per slab.® The Ni,P/Cr,CO, interface
binding energy can be defined as™:

Eads:[ENizP/CrZCOZ'ENizP - ECrZCOZ]/S (S26)
where Eyi,prcr,co, 1S the total energy of Ni,P/Cr,CO, interface, Ey;,p andEc,,co, represents the
total energy of the isolated and relaxed Ni,P, Cr,CO, slabs in the same supercell, respectively. S is
the interface area. When calculatedEy;,p or Ecy,co,, 0ne part of the interface system kept fixed,

and the other part was removed.



2. Figures and tables
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Figure S1. Total density of states of (TDOS) bulk Ni,P.
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Figure S2. Schematic of Ni,P (001) surface structure after relaxation, side (a) and top (b) view of
Ni (1) termination, side (c) and top (d) view of Ni(ll) termination.
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Figure S3. The calculated surface energies of (a) different Ni,P surface and (b) Ni,P (001) surface
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Figure S4. Density of states of (a) Ni,P bulk and (b) Ni,P (001) surface.
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Figure Sb. Standard free energy diagrams for OER at different electrode potentials U for different
Ni,P surface,(a) Ni,P 100 surface, (b) Ni,P 102 surface, (c) Ni,P 110 surface. Blue lines for zero
potential: 0 V. Red lines at the equilibrium potential of oxygen evolution U = 1.23 V for standard

hydrogen electrode (SHE), pink lines for potentials of all downhill reaction steps. (d) The
calculated onset overpotentials as function of free energy changes (AG, and AG3) with the reaction
intermediates of different surfaces.
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Figure S6. The lattice matching of Cr,CO,/Ni,P interface. (a) Cr,CO, and (b) Ni,P (001) surface.
The unit of lattice parameter is A.
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Figure S7. The total energy of Cr,CO,/Ni,P interface (red box) varies with interface distance.
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Figure S8. The calculated free energy diagrams of (a) OER on Cr,CO, surface and (b) HER on
Ni,P surface. For Ni,P 2>2 surpercell, there are three Ni atoms, and different H coverage can be

set as increment of 1/,

(a)
0.8

TS

0.7

0.6

0.5

E=0.76eV

0.3

T

Relative energy(eV)
<
=
o.

0.1

O00FZ@ oo ¥ N __]

-0.1

Reaction coordinate

10



(b)

— TS

24

g
)
T

—
o)}
T

()
T

E=245eV

<
e
T
®.
®

Relative energy(eV)

<
aN
T

<

<

I
N\

______ S — O

Reaction coordinate

Figure S9. The calculated minimum-energy pathway and the activation energy of Cr,CO,.
(a)Volmer-Heyrovsky reaction, (b) Volmer-Tafel reaction. In The right panels are show the initial
state (IS), transition state (TS) and final state (FS). The green, red, coffee and light pink balls
represent the Cr, O, C and H atoms, respectively.
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intermediate after with and without Cr,CO, composite.
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Table S1. The free energy changes of AG,_4 of different Ni,P surface.

Ni,P surface System AG, AG, AG; AGy
(001)-1- surface 0.31 1.52 2.25 0.84
(001) -Il-surface 1.07 1.49 2.18 0.18
(100) surface 0.37 1.05 2.76 0.74
(102) surface 0.44 1.31 2.36 0.81
(110) surface 0.74 1.60 2.97 -0.39

Table S2. The calculated reaction Gibbs free energies of intermediates via HER and OER on
Ni,P/Cr,CO, interface with and without considerate the Ni magnetic, respectively. The unit of AG
iseV.

NizP/Cr2C02 interface AG*H 0= 1/8 AG*H 0= 2/8 AG*H 0= 2/8 AG*H 0= 4/8 AGl AGZ AG3 AG4

®

T without Ni magnetic -0.31 -0.09 0.36 0.57 0.84 097 203 1.08

Toith Ni magnetic -0.35 -0.10 0.34 053 079 112 206 0.95

@ Twith Ni magnetic @Nd Twithout Ni magnetic represent the reaction free energy of Ni,P/Cr,CO, interface with

adsorption intermediates with and without considerate the Ni magnetic, respectively.

From Table S2, one can concluded that the spin polarization effect is quite weak on the Gibbs
free energy of hydrogen adsorption (AG«y) on Ni,P/Cr,CO; interface, and it would not alter the
trend of AGsy varies with hydrogen coverage, that is, the AG.y increasing with the increase of
hydrogen coverage. The overpotential are 0.10 V and 0.09 V of Ni,P/Cr,CO, interface for HER
with and without considering spin polarization, respectively. The Gibbs free energies of different
intermediates (AG;.4) on Ni,P/Cr,CO, interface show slight change. The overpotential are 0.83
and 0.80 V with and without considerate Ni magnetic, respectively. Therefore, it can be concluded

that the effect of Ni magnetic on the OER and HER of Ni,P/Cr,CO, interface is negligible.
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