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Figure S1 The formation energy of Pt single atom on M,CT,-Vr-Pt (T=0; F). A-J
represent 802CT2-VT-Pt, TizCTz-VT-Pt, Zr2CT2-VT-Pt, HfQCTz-VT-Pt, VzCTQ-VT-Pt,
szCTz-VT-Pt, TaQCTz-VT-Pt, CI'2CT2-VT-Pt, MOQCTz-VT-Pt, WzCTz-VT-Pt, respectively.
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Figure S2 Bader charge populations of Nb,CO,, Cr,CO, Nb,CF, and Cr,CF,.
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Figure S3 Bader charge populations of Nb,CO,-V-Pt, Cr,CO,-V-Pt, Nb,CF,-Vg-Pt and
Cr,CF,-Vg-Pt.
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Figure S4 Bader charge populations of the O-atom adsorbed on Nb,CO,-V-Pt, Cr,CO,-
Vo-Pt, szCFz-VF-Pt and CI'QCFz-VF-Pt.



Figure S5 The geometric structures of O,, O-atom, OH, OOH, H,0 and H,0, adsorbed on
the surface of Pt SACs.
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Figure S6 The relationship between catalytic activities and O, binding strength to Pt SACs,
including (a) the adsorption energy of O, and (b) the electrons that O, gained.
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Figure S7 The work function values of the submetals in M,CT,-Vt-Pt (M= Sc, Ti, Zr, Hf,
V, Nb, Ta, Cr, Mo, W; T=0, F).
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Figure S8 (a-b, respectively) The free energy diagram of the O-terminated Pt SACs
(Hf,CO,-Vo-Pt, Zr,CO,-Vo-Pt, M0,CO,-V-Pt) for the elementary ORR and OER steps,
where the submetals are Zr, Hf, Ta, W and Mo, respectively.
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Figure S9 (a-b, respectively) The free energy diagram of F-terminated Pt SACs (Zr,CF,-
Ve-Pt, Hf,CF,-Vg-Pt, Ta,CF,-Vg-Pt, W,CF,-Vg-Pt, M0,CF,-Vg-Pt) for the elementary
ORR and OER steps.
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Figure S10 The free energy diagram of (a) Cr,CO,-Vo-Pt, Ti,CO,-Vo-Pt, V,CF,-Ve-Pt,
Nb,CO,-Vo-Pt for the elementary ORR steps, and (b) Cr,CO,-Vo-Pt, Ti,CO,-V-Pt,
V,CF,-Vg-Pt, Nb,CO,-V-Pt, Ti,CF,-Vg-Pt, V,CO,-V-Pt for the elementary OER steps.
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Figure S11 The geometric structures of the selected bimetal MXenes (Cr,M*,C;5T,,

Nb,M’,C5T,, NbM

Figure S12 Surface Pourbaix diagrams of Cr,NbC,, Cr,Nb,C3, Cr,TaC; and Cr,Ta,C; with

different functional groups.
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Figure S13 (a) The diffusion energy and (b) the energy barrier of Pt single atom on the Cr-based
MXCneS, A-D are CerbCQOz-Vo-Pt, Cerb2C302-Vo-Pt, CrzTa2C302-V0-Pt and CrzTaC202-V0-
Pt, respectively.
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Figure S14 Geometric structures of HO, adsorbed on the surface of the bimetal Pt SACs
(CryM*,C5T,-Vr-Pt, NboM?,C3T,-V-Pt, NbM’C, T,-V1-Pt, CroM*C, T,-V-Pt).
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Figure S15 The reaction competition of O, hydrogenation (path 2) or dissociation (path 1)
at the first step of ORR. a)-f) represent Cr,Nb,Cs;F,-Vg-Pt, Cr,Nb,C;0,-Vo-Pt,

szT&ng,Fz-VF-Pt,

szT&ng,Oz-Vo-Pt,

and Cl'szCZFz-VF-Pt, CI’2NbC202-V0-Pt,

respectively.
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Figure S16 The thermodynamic processes of ORR on Cr,Nb,C;0,-V-Pt, including

association and dissociation pathways.

10



6
O #4(H +e) ——u=000V O +4(H+ ——us=000V X
E’ [ o i —u=o087V E 5 L') —u=oT8V g oo —::::::
g . ,mtﬂn-..] u=123v ‘2 . u=123v (%l A OOH(H +8) —u=123V
: 3 ! 4
;‘ 3 “O+H,002(H +e) ‘... 3 +H,042(H +4) E“ af
T \ 2 e R
u Bl o [P
o, o ol
" o F:
- 3 S T S of
Q o
a 4 A
Reaction Coordinate Reaction Coordinate

S | Ot 0,s4(H'+e) —u=o00v O, +4H +8) —u=o00v
Cll . —umny | = oMy E o X =Ry
‘% ab ﬂf_’“” +0) a =G | "OOH+3(H'+e) —unay | & AL " "OOH+3(H'+€) —u=123V
A < \ < A
!
5. 3 ;‘ 3 “O+H,042(H +e) ; af
- Saimriag s
sl = % T
2 1t ?: i o 1|
5 of — EN, ZN sk ¥
a 3 ’
Reaction Coordinate Reaction Coordinate Reaction Coordinate
N s
0 +4(H'+e) —u=o00v O, 44(H'+8) u=o00v
§ sEiEE— —vu=omrv | § 5} — —u=ossv
(.<B OH+3(H +€) —u=121v % —u=123v
af = af
! \ =
D
& ol +H,0+2(H +a) 3
> - E»
(a) a2t > 2
o uw
Qi vk
e
2“ %' of
S °r ©
a El
Reaction Coordinate Reaction Coordinate
€ 8
0 +4(H+e) —u=o0v - ==
i sf L — u=ogTV g bu,_ﬂ(nn] _3::’:::
%’ af 0N 3 1w) ==Badny ? A 00MsHee) T UTIBY
\
;K 3 +H, O+2(H +8) ¢‘ H S ' "O+H O+2(H +e)
> > =
] u™ 2}
=121 L) T g R
£ = T
g“ of —— g of —
4 4
Reaction Coordinate Reaction Coordinate
0 . 5
O, +4(H'+e) O, +4(H +8)
s} 5 5 S —
? o "OOH+3(H +e) g g % 4 "OOH+3(H'+e)
2 El g “O+H, O+2(H +e] ‘f’ 3 T -ooﬁ.oomrn)f
— gl
g g e K
> 3 ARl
uw, of — | wloep e of
g— af ‘:,, afk Oual
Z.2F —ysooov P2k yeosev a-"" ——Uu=0.00v
© 3f —u=1ssv O af —u=1s0v A ——Uu=1sv
Lo —usimyv sy L Tumny
. Reaction Coordinate Reaction Coordinate Reaction Coordinate
s 6
s s S _ . oEis) | 0,40 se)
% i “OoHHAH be) ¢ sb- . -ow-:m'uj 5 § I -oom:pru)
< 3 “O+H 04 2(H +e) g 3 O o2 re) 2 st “OvH Ov2(H've) /
! o = ) I
E_ : "OHEH,OH ve $ £ 'vmu,om'o./-‘ ‘ : "ve/
.o ¥, Je 2 o]
v —_— L ' OF
Q w w
g - '{ a ~
5" e u=000v %« 2F —uy=o00v
- O 9f —us=inv O af —usmisev
5 JLTusmy L —u=myv
Reaction Coordinate Reaction Coordinate Reaction Coordinate
0 ®
O, +4(H'+8) O +4(H +e)
st st s )
i o "OOH+3(H'#e) %‘ . “OOH+3(H'+e) -
g e = z s
< 3t "0+ O+2(H +e < 2
£ T ¢
St ;u. 1
™o T = °
w = | S
o8 - "
Q1 N Y -1
>: 2F —u=000v %' -2
e, & —u=o00v
O af —u=inv af —usissv
JE=u=inv J—u=1mv
Reaction Coordinate Reaction Coordinate
s 6
s s o] o O, +4(H'+e)
% g *QOH+3H'+8) & i “00H+H'+e)
< st o Ov2(se) T “ooH oe2ve) /)
— —
ﬁ e ‘. Ly 'omn,om'u,-’
>t = —
w o} o ——
o ¥
% af £ 1 \
F. AR, oy i u=000V
S — U168V s} —u=issv
JNE=usimy JT—usiny
Reaction Coordinate Reaction Coordinate

Figure S17 (a-b, respectively) The free energy diagram of the F-terminated bimetal Pt

1"



SACs (CI'sz2C3F2—VF-Pt, CrzTa2C3F2—VF—Pt, CI'zTi2C3F2—VF—Pt, Cr2V2C3F2—VF—Pt,
CerbCQFz-V]:—Pt, CrzTaCze-Vp-Pt, CrzTiCZFz-VF-Pt, CerCZFZ‘VF'Pt, Nb2T32C3F2-VF-
Pt, Nb,TaC,F,-Vg-Pt) for the elementary ORR and OER steps.
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Figure S18 The free energy diagram of (a) ORR on Pt (111) and (b) OER on IrO,(110).
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Figure S19 The mechanistic description (Gy,.x) of ORR and OER on Cr,NbC,0,-V-Pt
and CI'2Nb2C30z-V0-Pt.
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Figure S20 The rate-determining step and the relative free energy on Cr,Nb,C;0,-V-Pt
for (a) ORR at overpotential of 0 V, (b) OER at overpotential of 0 V and (c) OER at

overpotential of 0.36 V.
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Figure S21 The two possible reaction pathways as well as the proton-electron transfer

process in the association mechanism.

S-2 More calculation details

The overall ORR reaction in the acidic environment was written in Eq (1), like that

occurs on the cathode of a fuel cell in discharge:
O, + 4H* + 4e- — 2H,0

13



According to literatures, this ORR reaction proceeds via the 4-electron transfer

pathways as shown in Eq la-1d:

*+0,(g) + e+ H"— *OOH (1a)
*OOH + e+ H" — H,0 (1) +*O (1b)

O*+e + H" — *OH (1¢)
*OH +e + H" — HyO (1) +* (1d)

In which * denotes an activity site on the catalyst, (1) and (g) represent liquid and gas
phase, respectively.

The OER is the reverse reaction of ORR that described in Eq (2):

2H,0 — O, + 4e” + 4H* 2)
with the 4-electron transfer pathways given in Eq 2a-2d:
H,O (1) +* ->*OH +e + H" (2d)
*OH — O* +e + H' (2b)
H,0O (1) +*O -*O0H + e + H" (2¢)
*OOH — *+ 02 (g) + e+ H' (2d)

S-3 The diffusion energy

To evaluate the clustering tendency of the adatoms, the cohesive energy of the
corresponding bulk metal was considered. The diffusion energy (Eg;sr) were defined as

Edift = Eads—Econ 3)

where Ejgand E.pdenotes the adsorption energy and cohesive energy of the

corresponding transition-metal bulk per metal atom, respectively, where were defined as
follows:

Eads = —[Ept@Mxenes— (EMxenes + Ept) “4)
where Epiamxenes Was the total energy of the MXene layer with Pt adatom attached,
Emxenes Was the total energy of the bare MXene, and Ep; was the energy of an isolated Pt

atom,

Epulk

Econ = Eat_T (5)
where E, was the energy of the isolated metal atom in vacuum and Ep) was the energy

of the bulk unit cell containing N atoms.

S-4 The Pourbaix diagrams of O and F terminators

To further realize their stability in experiment and acidic ORR/OER environment, the
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Pourbaix diagrams of O and F terminators on the selected Cr-based bi-metal MXenes were
studied referring to previous literature!-2. The corresponding data are summarized in Figure
S12, where the Ugyg of all O and F terminators are positive on these MXenes. However,
the Ugyg values of O are more positive than those of F, which indicates the higher stability

of O-terminated MXenes in experiment and acidic ORR/OER environment.

S-5 Association and dissociation pathways

To consider the H" and e species on the reaction path in a standard procedure, the
depicts free-energy diagrams including association pathway and dissociation pathway at
zero overpotential is supplemented (taken Cr,Nb,C30,-V-Pt as example). As shown in
Figure S16, the distinction of the free energy in the association path and the dissociation
path is before the formation of *O. The potential determining step of ORR is *O, + H* +
e” — *OOH for the associative path and *O, — *O + *O for the dissociative path, with an
overpotential of 0.36 V and 1.75 V, respectively. For the OER process, the potential
determining step is *OH + H,Og) — *O + H,O(y + H" + e for the association path and *O
+ *O* — O, for the dissociative path, with an overpotential of 0.37 V and 3.12 V,
respectively. Hence, from the thermodynamic aspect, the association mechanism is also
more favorable than the dissociation mechanism for its smaller ORR and OER

overpotentials.

S-6 The mechanistic description

To further confirm the activity trend, the free-energy changes among the mechanistic
description (G.x) are taken into account. As shown in Figure S19, the Gy, that the
transition from *O adsorbate to *OOH are 0.54 eV and 0.58 eV on Cr,NbC,0,-V-Pt and
Cr,Nb,C30,-Vo-Pt, respectively, both of which are much lower than that of ORR on
Pt(111) and OER on IrO, (110) (0.75 eV and 0.92 eV, respectively). This again
demonstrates the bi-functional catalysis activity of Cr,NbC,0,-Vo-Pt and Cr,Nb,C50,-
Vo-Pt.

The rate-determining reaction step (RDS) of ORR and OER on Cr,Nb,C;0,-V-Pt
were also studied to clarify the practical activity based on the full free-energy diagram. As
shown in Figure S20, the RDS of ORR was formed when O, turned to *OOH at 0V
overpotential. While both the RDS of OER was the step of *O formation at the

overpotential of 0V or 0.36 V. This result is consistent with the discussion in the main text.
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