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Note S1. Formation energy of the defects

The defect formation energy Ex(g) in the charge state ¢ is calculated by'>?

Edq) = E(4) — iy — YAngt; + q(Event + Ep) + Ecor (S1)
E?:tf(q) and Efor; are the total energies of the supercell with a defect in the charge state
g and the pristine supercell of the same size, respectively. The pi is the chemical
potential of chemical species i (i = Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, and Ag).
A more in-depth examination of the chemical potential is available in Note S2. The
number of chemical species i that have been added to (ni > 0) or removed from (ni < 0)
the supercell to generate the defect is denoted by ni. As a convention, Er is the Fermi
level referenced to the valence-band maximum (VBM) in bulk, varying between 0 and
the band gap Eg. The Evewm is defined as the energy difference between the pure host (q
= 0) and the host with one hole (q = +1) in the valence band of the dilute hole gas limit
3. Ecorr 1s the electrostatic correction for the charged defects due to the finite size of the
supercell. The uniformly scaled supercell size technique, in which the lateral lengths
are equal (Lx = Ly = L., refer to Fig. S1), is employed to minimize the spurious Coulomb
interactions.* Ecor = 0 when this proper procedure is used. This method has been used
successfully to investigate the defect formation energy of several 2D materials*'°. We
use Pt vacancy in —1 charge state defect in PtSez supercell as an example to examine
the effect of supercell sizes on the periodic defect formation energy (Fig. S1be). Our
results show that the defect formation energy converges quite well at the supercell size

of 7x 7 x 1 (Lx =Ly = Lz =26.23 A). Thus, for all calculations, we used a supercell
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size of 7 x 7 x 1 (containing 149 atoms). Correspondingly, the vacuum layer in this
supercell is 26.23 A, which can effectively avoid the periodic interactions along the
vacuum direction.

Note S2. The chemical potentials

The chemical potentials of Pt and Se in PtSe: are not arbitrary but subject to
thermodynamic constraints. Under the condition of thermal equilibrium growth, it
should be satisfied with the following equation for the case of pure PtSex:

Hpy T 2Uge = Hpge (S2)
where ppt and pse represent the chemical potentials of Pt and Se, ppise2 is the chemical
potential of PtSe2. Under the same condition, Eptse2 could be expressed as

Episer = Ep; +2Eg. + AH{(PtSe2) (S3)
where AHr (PtSe2) is the formation enthalpy of PtSe2, Eptse2 is the total energy of the
PtSe> per formula unit. Ep; is a reference to the energy of a Pt atom in the cubic Pt!!.
Ese refers to the energy of a Se atom in the monoclinic Se'?. From eqn. S3, accordingly,
it follows that

AH{PtSe2) = Epiger — Epi — 2Eg (S4)
Under thermal equilibrium growth conditions, prise2 = Eptse2. That is,
Up, +2ug, = Epy +2Eg. +AH(PtSe2) (S5)
AH{(PtSe2) = (up, — Ep) + 2(ug, — Ese) = Aupt2Aug, (S6)
where Appt = (upt - Ept) and Apse = (use - Ese) are defined as the chemical potential
changes referenced to the elemental bulk/gaseous state, depending on the growth
environments.

The chemical potential of the anchored TM needs to meet the constraints to avoid
the formation of related phases.!*!> For Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, and
Ag anchored on the PtSe> monolayer, the experimental lattice constants of impurity-
related phases used for the PBE functional calculations are summarized in Table S1.
The PBE calculated formation enthalpy (given per formula unit) for the impurity-
related phases are shown in Table S2, together with the Oqmd '*!” (the Open Quantum

Materials Database will be freely available for public use at https://ogmd.org/) values.

It is found that the calculated values are in good agreement with the Ogmd ones.
We take Ti doping as an example for obtaining the chemical potential pi in Egs.
S1(i=Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, and Ag). The upper bound is Apuri <0

as, at this point, precipitation of element Ti to its standard state occurs. Thereby, the

S2


https://oqmd.org/

non-formation of the pure solids Ti requires
Apgy <0 (S7)
The following relationships should be satisfied to avoid the formation of other
impurity-related phases (such as TiSe and TiSe»):
Aur + Aug, < AH(TiSe) (S8)
Apgy + 2Aug, < AHg(TiSe2) (S9)
The maximal Ti chemical potential that satisfies these three equations (Eqs. S7-
S9) is used in the following calculations. The chemical potential of Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Ru, Rh, Pd, and Ag under the Pt-rich and Se-rich environments calculated
by PBE are shown in Table S3.
Note S3. Computational hydrogen electrode
The OER performance on the TM@PtSe:2 system can be investigated with the
widely reported four intermediate steps. For the first step, an H2O molecular is captured
by TM@ PtSe: substrate from the solvent. It will release a pair of protons and electrons,
causing the formation of *OH. Then, the proton and electron pair continuously separate
from the *OH, forming an isolate *O. Next, another H20 molecule in the solvent joins
in the reaction with *O randomly to form an *OOH by releasing another pair of proton
and electron. Finally, as one proton and electron pair releases again from *OOH, one
O2 molecule is generated, resulting in the reaction loop's termination. The four

elementary steps can be described as following equations:

2H0 (1) + * — *OH + H' + H20 (1) + ¢’ (S10-a)
*OH + H20 (1) — *O + H20 (1) + H' + ¢’ (S10-b)
H20 (1) + *O —*OOH + H' + ¢’ (S10-c)
*O0H — 02 (g) + * + H' + ¢’ (S10-d)

where *, H", ¢’ denotes TM (@ PtSe: substrate, proton and electron, respectively. Herein,
the energy of Oz gas is obtained from the experimental reaction energy of
2H20—2H>+02 (4.92eV). Moreover, the energy of (H'+e’) pair can be substituted by
half of the H, molecular at 298 K. Accordingly, the Gibbs free energy change of each

step can be described as

AG1= AG+on — eU + AGu+(pH) (S11-a)
AG2 = AG*o — AG+on — eU + AGu+(pH) (S11-b)
AG3 = AG+oon — AG+*o — eU + AGn+(pH) (S11-¢)
AGs = 4.92 -AG+*oon — eU + AGn+(pH) (S11-d)
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where AG+on, AG+o, and AG+oon represent the Gibbs free energy change of *OH, *O,
and *OOH intermediate, respectively.

To compute the free energy change (AG) of each elementary step of
electrochemical urea synthesis, we adopted the computational hydrogen electrode
(CHE) model developed by Nerskov et al., according to which the AG of an
electrochemical reaction is defined as:

AG = AEprr + AZPE — TAS (S12)
AEprr, AZPE, TAS represent the energy calculated from VASP, zero-point energy,
temperature, and entropy correction, and the AZPE and TAS of adsorbed species are
listed in Table S4. U is the potential measured against a normal hydrogen electrode
(NHE) at standard conditions (T =298.15 K, P=1 bar, pH = 0). The free energy change
of the protons relative to the NHE at non-zero pH is described by the Nernst equation
as AGn- (pH) = —ksTIn(10)xpH.

The energy differences of the corresponding intermediates are expressed as:
AEprr(*OH) = Eprr (*OH) — E(*) — [Eprr (H20) — 1/2*Eprt (H2)] (S13-a)
AEprt (*O) = Eprr (*O) — E(*) — [Eprr (H20) — Eprr (H2)] (S13-b)

AEprt (*OOH) = Eprr (*OOH) — E(*) — [2* Eprr (H20) — 3/2* Eprr (H2)]  (S13-¢)
where the Eprr (*OH), Eorr (*O), E(*), Eprr (H20), and Eprr (H2) indicate the total
energy of *OH, *O, substrate, H2O molecular, H2 molecular, separately. The Gibbs free
energy (G) of gas O2 (g), H2 (g) and liquid water H20 (1) at 1/0.035 bar and 298.15 K
are listed in Table SS.

Since the energy of the proton/electron pair is small enough compared to the
elemental steps, the corresponding energy is negligible for these processes and is not
considered. The maximum energy change among the three steps would determine the
reaction rate, i.e., the potential determining steps (PDSs). To describe the catalytic

activity, we define the overpotential as:

max[AG1, AGa, AG3, AGa]

€

noER = -1.23 (S14)

where 1.23 represents the equilibrium potential, noer is the overpotential of OER, and
e is the charge of one electron. Based on previous reports, a lower 1 value on a given
catalyst suggests a less energy input for OER/ORR, thus demonstrating its higher
OER/ORR catalytic activity.

Similarly, the overpotential of ORR (n°R®) is defined as:
max[-AGi, -AGaz, -AGs, -AG4]

ORR =
n €

+1.23 (S15)
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Note S4 Machine learning
The coefficient of determination (R?) and root-mean-square error( RMSE),

defined as:

%Z?:l (yi‘f’i)z

LI ()’

RMSE= "5, (v,5)’ (S17)

in which y; and ; are the sample label value and the predicted value, respectively.

R*=1- (S16)

Usually, a higher R? and a lower RMSE means a more precise ML model.

a. The computational method of the GBR regression algorithm

The Gradient Boosted Regression (GBR) model is an integrated ML algorithm
that is generated by the integration of weak regression trees'® !°. Given the training
samples D = {(X1, Y1), (X2, ¥2) ..., (Xn, ¥n)}, the number of leaf nodes in every regression
tree is J. We divided the input data into J disjoint areas and defined each regression tree
as tm(x). The training goal of GBR is to minimize the loss function L, and the

parameters of decision tree O are determined through empirical risk minimization:

argmin

0" B (6 6)) (S18)

The process of GBR training is as follows:
(a) Initialize a regression tree function fo (x).
(b) Train GBR in the gradient decline direction, and compute the negative gradient
value of the loss function as the estimated value of the residual. For the mw iteration,
GBR generates a regression tree according to the residual and updates the current
function fm (x).
(c) The final regression model is the weighted sum of several weak regression trees,

which is defined as:

(=20 1(x0,) (S19)

b. The computational method of the RFR regression algorithm

The Random Forest Regression (RFR) model is an ensemble learning method
for regression by constructing a multitude of decision trees at training time and
outputting the class that is the mode of the classes (classification) or mean/average

prediction (regression) of the individual trees®*. Random decision forests correct for
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decision trees' habit of overfitting to their training set. The training algorithm for
random forests applies the general technique of bootstrap aggregating, or bagging, to
tree learners. Given a training set X = xi... Xn with responses Y = yi... yn, bagging
repeatedly (B times) selects a random sample with replacement of the training set and
fits trees to these samples:

(@) For b= 1... B: Sample, with replacement, n training examples from X, Y; call these

Xb, Yb; Train a regression tree fv on Xb, Yb.
(b) After training, predictions for unseen samples x' can be made by averaging the

predictions from all the individual regression trees on x'

B 2R () (S20)

c. The computational method of the SVR regression algorithm

The Support Vector Regression (SVR) model is a supervised learning model
with associated learning algorithms that analyze data used for regression analysis?!.
Given a set of training examples, each marked as belonging to one or the other of two
categories, an SVM training algorithm builds a model that assigns new examples to one
category or the other, making it a non-probabilistic binary linear classifier (although
methods such as Platt scaling exist to use SVM in a probabilistic classification setting).
An SVM model is a representation of the examples as points in space, mapped so that
the examples of the separate categories are divided by a clear gap that is as wide as
possible. New examples are then mapped into that same space and predicted to belong
to a category based on the side of the gap on which they fall. In addition to performing
linear classification, SVMs can efficiently perform a non-linear classification using
what is called the kernel trick, implicitly mapping their inputs into high-dimensional

feature spaces. Training the original SVR to:
(a) Minimize % ||w||2.

(b) Subject to|yi- (w, xi)-b|§ € (S21)
where x; is a training sample with a target value y;. The inner product plus intercept
(w, X;)-b is the prediction for that sample, and ¢ is a free parameter that serves as a
threshold: all predictions have to be within a € range of the true predictions. Slack

variables are usually added into the above to allow for errors and to allow

approximation in the case the above problem is infeasible.
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d. The computational method of the KNR regression algorithm

The K-Neighbour Regression (KNR) model is a non-parametric method
proposed by Thomas Cover used for classification and regression®?. In both cases, the
input consists of the k closest training examples in the feature space. The output
depends on whether k-NN is used for classification or regression. In k-NN regression,
the output is the property value for the object. This value is the Average of the values
of k nearest neighbors.

In the classification phase, k is a user-defined constant, and an unlabeled vector (a
query or test point) is classified by assigning the label which is most frequent among
the k training samples nearest to that query point. A commonly used distance metric for
continuous variables is Euclidean distance. For discrete variables, such as for text
classification, another metric can be used, such as the overlap metric (or Hamming
distance). Often, the classification accuracy of &-NN can be improved significantly if
the distance metric is learned with specialized algorithms such as Large Margin Nearest
Neighbor or Neighborhood components analysis. This algorithm works as follows:

(a) Compute the Euclidean or Mahalanobis distance from the query example to the
labeled examples.

(b) Order the labeled examples by increasing distance.

(c) Find a heuristically optimal number k of nearest neighbors, based on RMSE. This
is done using cross-validation.

(d) Calculate an inverse distance weighted average with the k-nearest multivariate

neighbors.
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Fig. S1. (a) Uniformly scaled supercell of PtSe, monolayer with the lateral lengths equal. (b)(c)
Convergence of defect (Pt vacancy in PtSe; in -1 charge state) formation energies as a function of
uniformly scaled supercell size in all the directions (lateral length: Lx = Ly = Lz). The bottom x-
axis represents the supercell size, which * denotes the cubic supercell size. For example, 6*6
illustrates 6x6 x1 supercell size. The red and blue lines indicate Pt-rich and Se-rich conditions,

respectively.

The formation energy difference for most cases of the different supercell sizes
(6x6x1, Tx7x1, 8x8x1, 9x9 x1, 10x10x1) is only around 0.04 eV, which is consistent
with the other theoretical reports'*2*. This result demonstrates that the adopted 7x7x1
supercell model (Lx = Ly = Lz =26.23 A) is acceptable and credible. The formation
energy of Pt vacancy of PtSe: in -1 charge state converged at around 4.2eV under the
Se-rich condition, while under the Pt-rich condition, it converged at around 5.47eV. It
is found that Se-rich conditions can promote the formation of Pt vacancy due to its

lower formation energy.
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Fig. S2. (a) The total density of state calculated for perfect PtSe, by PBE functional. The position
of the valence band maximum (VBM) is placed at zero. The band gap of monolayer PtSe; at the

PBE level is 1.41eV, which is consistent with other reports®*?’.
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Fig. S3. The total density of states (TDOS) of PtSe, (unit cell) using the HSEO6 method with
different Hartree—Fock mixing parameters a, (a) 0=0.15, (b) 0=0.17, and (c) o= 0.25. The valence
band maximum (VBM) position is placed at zero. (d) The bandgap as a function of Hartree—Fock

mixing parameters o.

We tested the bandgap of pure PtSe; by adjusting the Hartree—Fock mixing parameter (o)
from 0.15 to 0.25. According to the linear relationship between a and bandgap, when «
increases from 0.15 to 0.25, the bandgap increases accordingly from 1.76 eV to 1.99 eV.
Especially when a = 0.17, the calculated bandgap is 1.81 eV for pure PtSe,, near the
experimental band gap of 1.80 eV.?®
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Fig. S4. The formation energies of TM@PtSe; under Pt-rich and Se-rich conditions are plotted as a
function of the Fermi level with respect to the VBM. The Fermi level (Ef) at the VBM and the

conduction band minimum (CBM) is set to 0.00 and 1.41 eV, respectively.
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In both Pt-rich and Se-rich conditions, the formation energies of TM@PtSe: in
various possible charge states (-3 to +3) as a function of the Fermi level are calculated
to examine the convergence of the charge state. The formation energy of the —3 charge
state is consistently higher than that of the —2, —1, and 0 charge states when the charge
state is negative. Similarly, the formation energy of the +3 charge state surpasses that
of the +2, +1, and O charge states when the charge state is positive. These findings
suggest that the calculated charge states converge, as the unreasonable charge states

exhibit relatively higher formation energies.
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Fig. S8. The energy steps of OER and ORR of TM@P1tSe: system under pH=14 for U = 0 V. The
OER reaction process is from left to right, while the ORR is contrary to the OER progress.

In Fig. S5-S8, the OER progress is from left to right (stages of * + H20, *OH, *O,
*OOH, and *+ O, respectively), while the ORR progress is contrary since they are
inverse processes of each other. Under U = 0 V (Fig.S5), each elementary step of the
OER process is uphill, meaning it cannot react spontaneously. Theoretically, when we
apply an ideal voltage of 1.23V, each step can undergo spontaneous reactions. However,
as shown in Fig.S6, it can be observed that many steps are still uphill. In the actual
process of OER, some electronic steps need to provide an external voltage higher than
1.23 V due to the influence of catalytic activity.

Furthermore, we elucidate the effects of pH on the free energies of the OER and
ORR. The free energy can be obtained via the following equation: AG = AE + AEzpE -

TAS +AGpn + AGu, in which AGpr = —ksTIn(10)xPh = 2.303 k3T pH = 0.05916 x pH
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(T =298.15K, ). According to this equation, it is clear that the free energy of each net
coupled proton and electron transfer step becomes less negative as the pH value
increases at U = 0 V. Thus, at pH = 7, the Gibbs free energies of each elemental step in
the four basic steps decreased by 0.414 eV, at pH = 14, the Gibbs free energies of each
elemental step in the four basic steps decreased by 0.828 eV.

As shown in Fig. S7 and Fig. S8, the overpotential of OER/ORR for each TM@
PtSe> system is unchanged compared to the case of pH=0. This is because the
overpotential (n) of oxygen reactions can be attained by probing the reaction-free
energy of the different elementary steps, based on the hypothesis that there are no more
barriers from adsorption/ dissociation of Oz or proton-electron transfer reaction. Since
the transfer rate of a solvated proton to adsorbed OH™ through the proton transfer steps
shows a negligible barrier, signifying the downhill energy of proton transfer, and most
previously reported models neglect the influence of the electric field in the double layer,
so the calculated free energy of intermediates displays no difference in alkaline and

acidic conditions at fixed potential on the RHE scale?®® .

(a) (b) Mo'@PtSe,
Mo @ PtSe, P

(c) (d) Re'@PtSe,
Re'@ PtSe,

Fig. S9. Optimized structures of *OOH adsorbed on (a) Mo *@PtSe;, (b) Mo @PtSe,, (c)
Re*@PtSe; and (d) Re'@PtSe.. The *OOH radical dissociates on these systems (a stable *OOH

adsorption geometrycannot be obtained).

The bifunctional OER/ORR activity of the Mo™@PtSe2, Mo'@PtSe2, Re*@PtSex,
and Re'@PtSe: systems are calculated. However, the absorbed structures of *OH, *O,
and *OOH intermediates on these systems are unreasonable. Thus, we can not obtain
*OH (AG1), *OH to *O (AG2), *O to *OOH (AG3), *OOH to Oz (AGa), n°ER, and n°RR
of Mo@PtSez and Re@PtSe: systems. In the following calculation, we do not consider
Mo@PtSe: and Re@PtSe: systems.
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Fig. S10. Free energy pathway plots for the Pd*@PtSe; ((a) OER and (b) ORR) and Pd*@PtSe: ((c)
OER and (d) ORR) at different electrode potentials in an acidic medium. The light green shadow
represents the rate-determining steps of OER and ORR. The deep blue and green lines represent
U=0V and U=1.23V, respectively. The orange line represents the minimum external voltage required
for the system to undergo OER while ensuring spontaneous reactions and the maximum voltage

provided to the external environment when ORR occurs.

We further investigated the Gibbs free energy changes of the four reaction steps at
Pd*@PtSe2 and Pd'@PtSez2 under different potentials. The four steps of OER at
Pd*@PtSe> and Pd'@PtSez are uphill at U = 0 V as shown in Fig. S10 (a) and (b),
indicating all the four reaction steps are endothermic and are not easy to occur. When
U increases to 1.23 V, the second (* + OH converting into *O and H") and third steps
(converting * + OOH to O2) at Pd"@PtSe2 and Pd*@PtSe: still are uphill. The minimum
potentials OER proceeds spontaneously under are 1.59 and 1.54 V at Pd*@PtSe2 and
Pd*@PtSez, respectively. RuO:2 is regarded as the best OER electrocatalyst with a
predicted valid electrode potential of 1.60 V. 3! In comparison, both Pd*@PtSe> and
Pd*@PtSe: have higher catalytic activity for OER compared with RuO:. As shown in
Fig. S10 (b) and (d), the first and fourth steps of ORR, hydrogenation of * + Oz to

S17



*OOH and conversion of * + OH to water are uphill at the equilibrium potential (U =
1.23 V) on Pd'@PtSez. The first step of ORR is uphill on Pd*@PtSe2, showing that
ORR will not occur spontaneously at U = 1.23 V. Under zero potential, all four steps of
ORR are downhill, meaning that the ORR proceeds spontaneously. The maximum
potentials under which ORR occurs spontaneously (valid electrode potentials) on
Pd*@PtSe2 and Pd*@PtSe: are calculated as 1.23 V —n°RR which are 0.49 and 0.80 V,
respectively. The catalyst with better ORR electrocatalytic performance should have a
smaller overpotential and a larger valid electrode potential. The valid electrode potential
of ORR on Pd"@PtSe2 (0.80 V) is larger than that on Pt (111) surface (0.79 V). ¥
Correspondingly, the ORR electrocatalytic performance of Pd*@PtSe: is better than that
of the Pt (111) surface. Our result further demonstrates that Pd*@PtSe2 and Pd*@PtSe:
are promising ORR and OER bifunctional electrocatalysts having higher
electrocatalytic activity for OER and ORR than the previously reported OER and ORR

catalysts.
3 - 3
a) |~ ' @, OER b
IR ®)
2F v V’\‘l\‘» Ci A 2k "\)\
RU§“MH Q = *OH = X0
LR °+ € S~ * _
— Fe QK:QMn\’ S é“\ & o+W “Is * ~ ’;, * **‘kk* ()0\X -
§ ir Fe'cg Rh’\ o X& cigeM =~ < 1F +HgO\ . s Kox X
= NG NS0 -~ 8 O 1. p, ¥
= 0.31V = e 0.43V I
O T £ (RS SRS SUUU————— ol 08 | SRR
8 L _________ 04V e o __ ] s | ____________ouavle _____]
& [Pra1n)0.45v) w X S< g [ RuO,(110)(0.37V) ) Niaih ~ G
5-1 B e g R Ot XY\. XQ’Rh'thMn‘Q’gD' %0, *<
*ﬁ W *o = ~ OO\X X ><Mn’fe IY\A % S
S T G5 2t H ~ &Y g o F 0y )
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2k \’\)(\,\ X e \*O 2k o D ‘“‘V..’C' Mn *er
Fle) m 0) 52 e T, 2 OER
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-0.5 0.0 0.5 1.0 15 2.0 05 0.0 0.5 1.0 1.5 2.0 2.5
AG.qy(eV) AG..5-AG.qy, (8V)

Fig. S11. Dual activity (OER/ORR) volcano maps of TM@PtSe; for (2) n VS AGxon and (b) 1
VS AGso - AG+on are presented. The systems at the mountain peak position exhibit the best
catalytic performance. The systems located at the dashed line position indicate that the step
represented by the dashed line is the RDS for those systems. The mountain peak positions for OER
and ORR are consistent, which suggests that the best catalytic for ORR and OER are similar in
TM@PtSe..
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Fig. S12. The evolution of the total energy and temperature per atom within 8 ps at 300K for
Pd*@PtSe; (a) and Pd’@PtSe; (b), the inserted pictures are the atomic structure for initial state and
final state of Pd@PtSe;.

Pd*@P1tSe2 and Pd @PtSe:z, with the best catalytic activity, are selected to perform
the AIMD under different temperatures. It is evident from the simulations that the
overall frameworks of these systems undergo only minor changes throughout the entire
dynamics calculations process. None of the structures exhibit significant structural
reconstruction, and they can revert to their initial structures following structural

relaxation. This suggests that these systems exhibit robust thermal stability.

5} —— PBE+SOL Pd" 4.92
. 440 ./ 510,
_ | ——PBE+sOL+UPd / / 2
> 4T 412
& [V=0V 3.05 » *OOH
> 3F pH=0 et 1
= W 2.70
8 2 - 1 *
L / 1.48 :,
Sk [ Tie
LL 0 ! *OH PBE+SOL PBE+SOL+U
0 ! OER
*tH,0 n°R 0.31V - 0.34V

Reaction Pathway
Fig. S13. Gibbs free energy diagrams of Pd’@PtSe; using PBE+SOL calculation and PBE+SOL +U

calculation.

The Pd’@PtSez2 OER overpotential is 0.34 V for the DFT+U method and 0.31 V
for the PBE+SOL method. This indicates that the difference in Gibbs free energy of the
four steps calculated by the two methods is relatively small. These results indicate that
the PBE+SOL level is sufficient for describing the electrocatalytic activity, and the
3337

GGA+U method has negligible impact, consistent with previous studies.
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Fig. S14. (a) to (o) depict the partial density state of d-orbitals for Ti, V, Cr, Mn, Fe, and Co atoms

in TM@PtSe,, g4 is the averaged-band center, the Fermi level is set to zero.
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Fig. S15. (a) to (n) depict the partial density state of d-orbitals for Ni, Cu, Ru, Rh, Pd, Ag atom in
TM@P1tSe,, €4 is the averaged-band center, the Fermi level is set to zero.

As can be seen from Figs. S14 and S15, the values of ed for TM@PtSez2, except
for V, Fe, and Rh, TM atoms move toward the negative energy region with the increase
of atomic number. The different amounts of &4 shifted from the Fermi energy means
different adsorption strengths of the intermediates. This result shows the different
interactions of the TM-d orbital with the electronic states of adsorbates, leading to the
formation of bonding and antibonding states (Figs. S18 and S19). Usually, a lower &4

leads to a higher occupancy of antibonding states, thus weakening the adsorption and
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vice versa. Yamada's work® also reported a good description of the d-band center of
TM atoms on the catalytic nature. Taking the Pd'@PtSe: (-2.140) and Pd"*@PtSe: (-
1.405) as examples, it is observed that not a very low or high d-band center enables the
two SACs to exhibit proper adsorption energy resulting in an ideal electrocatalytic

property. The detailed data for each system is summarized in Table S13.
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Fig. S16. A comparison of the DFT and GBR/ RFR/ SVR/KNR algorithms predicted overpotential
for ORR.
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Fig. S17. A comparison of the DFT and GBR/ RFR/ SVR/ KNR algorithms predicted overpotential
for OER.

Figs. S16 and S17 show the RMSE and R? for the different algorithmic models of
ORR and OER, respectively. The GBR algorithm has the best-fit results, thus predicting
the RMSE is 0.032 V and the R? is 0.990 for the ORR training set. The RMSE is 0.040
V in the test set, and the R? is 0.966. The predicted RMSE of the OER training set is
0.003 V, while the R? is 0.999. The RMSE is 0.076 V in the test set, and the R? is 0.977.
The RFR algorithm also has better fitting results, but the prediction accuracy is lower
than that of the GBR algorithm. The SVR and KNR algorithms have higher RMSE and
lower R? in both the test set and training set, thus indicating that the prediction results
of these two algorithms are inaccurate. The results show that the GBR algorithm is
reliable in predicting the catalytic activity after training; thus, the GBR algorithm is
selected further to predict the catalytic performance of ORR and OER.
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S18. The projected crystal orbital Hamilton population (pCOHP) of TM@PtSe; systems which

is between TM (TM=Ti, V, Cr, Mn, Fe, and Co) d-band center and OH intermediate. Er denotes the

Fermi level. The bonding and antibonding contributions are displayed on the right and left.
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S19. The projected crystal orbital Hamilton population (pCOHP) of TM@PtSe; systems which

is between TM (TM= Ni, Cu, Ru, Rh, Pd and Ag) d-band center and OH intermediate. Er denotes

the Fermi level. The bonding and antibonding contributions are displayed on the right and left. To

further understand the nature of the adsorption behavior of oxygenated intermediates

and display the bonding interaction relationship between TM and oxygenated

intermediates more intuitively, we introduce the projected COHP(pCOHP) and the

integrated value of COHP (ICOHP) to analyze the bonding and antibonding states after

the *OH intermediate is adsorbed on metal pairs. Herein, the pCOHP is plotted to draw
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the bonding contributions to the right and the antibonding contributions to the left. The
more negative ICOHP values are the stronger the bonding interaction of TM— OH is,
based on previous research®’. Thus, the bond interactions between *OH intermediate
and PtSe: systems weaken after increasing d electrons. Meanwhile, the charged systems
display reduced ICOHPs compared to their neutral counterparts, meaning that the
accession of charge states can enhance the mutual relationship between the TM atoms
and *OH intermediate. This result implies that the charge state potentially boosts
electron occupancy in the TM-O bond's bonding states, thereby reinforcing the TM-O
bond.
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Fig. S20 The density of states (DOS) and partial density of states (PDOS) for Pd"@PtSe:
and Pd*@PtSe: systems are calculated by the PBE method, where the Fermi level is set to

Z€rOo.

The band gap of the charged system Pd"@PtSe:z (0.83eV) is lower than that of the
neutral system Pd*@PtSe2 (0.99¢V), and Pd"@PtSe2 have a moderate spin moment(us
= 1.00), which proves advantageous for both OER and ORR.
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Table S1. Experimental lattice constants of impurity-related phases (Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Ru, Rh, Pd, and Ag) are used for the PBE functional calculations. The values a, b, and c are in A.

Space group Experiment

TiSe P6s/mmc | a=b=3.566, c=6.233; 0=p=90°, y= 120°"

TiSe» P3ml a=b=3.535, c=6.011; a=p=90°, y= 120°"

VSe P6ymmc | a=b=3.918, ¢=5.528; a=p=90°, y= 120°%

VSex P3ml a=b=3.356, ¢=6.150; 0=p=90°, y= 120°*
V3Ses C2/m a=13.247, b=3.463, ¢c=6.204; 0=90°, B=116.190°, y =90°*
CrSe P6s/mmc | a=b=3.680, c=6.060; a=p=90°, y= 120°*

CrSe; P3ml a=b=3.399, ¢=5.915; a=p=90°, y= 120°°

Cr.Ses R3 a=b=6.254, c=17.382; a=p=90°, y= 120°"

MnSe P6s/mmc | a=b=3.630, c=5.910; a=p=90°, y= 120°*

MnSe; Pa3 a=b=c=6.417; 0=p=y=90°"

FeSe P4/mmm | a=b=2.960, c=4.730; a=p=y=90°"

FeSe, Pnnm a=4.800, b=5.782, c=3.583; a=p=y=90°""

Fe;Ses C2/m a=12.704, b=3.541, c=6.208; a=90°, p=117.431°, y =90°*
CoSe P6s/mmc | a=b=3.620, c=5.286; a=p=90°, y= 120°%

CoSe> Pnnm a=4.840, b=5.720, ¢c=3.600; a=p=y=90°"*
CosSey C2/m a=11.931, b=3.573, ¢=6.136; 0=90°, p=119.325°, y =90°>
NiSe P6s/mmc | a=b=4.040, c=6.710; a=p=90°, y= 120°*°

NiSe, Pa3 a=b=c=5.965; 0=p=y=90°""

NisSez R32 a=b=6.034, c=7.251; a=p=90°, y= 120°*

CuSe P6s/mmc | a=b=3.691, c=11.442; a=p=90°, y= 120°*

CuSe, Pa3 a=b=c=6.119; a=p=y=90°"
CusSe; P42m a=b=6.406, c=4.279; a=p=y=90°"

RuSe» Pa3 a=b=c=5.932; 0=p=y=90°"

RhSe P63/mmc a=b=3.650, ¢c=5.530; 0=p=90°, y= 120°%
RhSe, Pa3 a=b=c=6.012; 0=p=y=90°"

PdSe P4,/m a=b=6.730, ¢=6.910; a=p=y=90°"

PdSe; Pbca a=5.741, b=5.866, c=7.691; a=p=y=90°*"
AgSe F43m a=b=c=5.650; 0=p=y=90°>

Ag>Se P2:2,2; a=4.337, b=7.070, c= 7.773; a=p=y=90°%
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Table S2. Calculated formation enthalpy per formula unit of impurity-related phases in TM@PtSe;
by PBE functional calculation. Ogmd*” ¢7 values (the Open Quantum Materials Database will be

freely available for public use at https://ogmd.org/) are provided for comparison. (unit:eV)

PBE Ogmd

AHg(TiSe) -2.26 -2.33
AH(TiSe>) -3.41 -3.36
AHKVSe) -1.05 -1.26
AH(VSe) 2.43 2.10
AH{V3Ses) -5.63 -5.05
AHKCrSe) 0.05 -0.88
AH{(CrSe) -1.09 -1.45
AHHCr2Se3) -1.22 -2.68
AHfMnSe) -0.10 -0.76
AH{MnSe;) -0.70 -1.41
AHg(FeSe) 0.59 -0.56
AHgFeSes) -1.27 -1.08
AHgFesSes) -2.04 221
AH{CoSe) -0.49 0.57
AH{CoSe) -1.13 0.95
AHH{CosSes) -2.52 -2.09
AH{(NiSe) -0.59 -0.60
AHg(NiSe») -0.84 -0.82
AH{(NisSe») -1.64 -1.41
AHgRuSe») -1.40 -1.28
AHH{RhSe) -0.47 -0.70
AH{RhSe) -1.24 -1.33
AH{(PdSe) -0.69 -0.66
AHHPdSe») -0.92 -0.85
AHgAgSe) 0.12 0.14
AHi(AgSe>) -0.26 -0.25
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Table S3. The PBE functional calculated chemical potentials at the representative chemical
potential limits imposed by the formation of competing for impurity-related phases for transition

metal single atoms. All energies are given in eV.

Chemical ' .

potentials Ptrich Se rich
Hpe -6.08 733
Hse -4.10 347
Hi -9.87 -11.12
Hv -9.87 -11.12
Her -9.30 -10.55
HMn -8.90 9.60
HFe -8.10 935
Hco -6.84 796
H =552 6.23
Heu -3.73 -4.03
Hazr -11.40 -12.88
HNb -11.62 -13.03
HMo -11.78 -13.03
HRu -9.28 -10.53
He 728 8.52
Hpd -5.27 -6.13
Hae -2.71 -2.84
HHf -12.81 1411
HTa -13.10 _14.56
Hw -13.47 1472
HRe -12.41 13.66
Hos -11.10 11.82
Hir -8.84 997
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Table S4. The zero-point energy (ZPE) and entropy (S) of adsorption species and the gas molecular

of water and hydrogen from the DFT calculation at 298.15 K (T).

Adsorption species ZPE (eV) TS (eV)
*OH 0.35 0.0
*O 0.06 0.1
*OOH 0.46 0.0
H,O 0.56 0.58
H, 0.27 0.40

Table S5. The Gibbs free energy (G) of gas O,(g), H>(g) and liquid water H,O (1) at 1/0.035 bar

and 298.15 K, E presents the free energy calculated from DFT, and AE is the Frequency correction

energy.

Molecular Pressure/bar | Temperature/K | E(DFT)/eV AE/eV G/eV
0,(g) 1 298.15 - -- -9.91
H,(g) 1 298.15 -6.76 -0.045 -6.8

H,O() 0.035 298.15 -14.22 -0.001 -14.22
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Table S6. The bond length between TM and the adjacent atoms (Se), as well as the charge transfer
between TM and the neighboring atoms (Se) and the adsorbed species (*OH, *O, *OOH)

Bond length(A) Charge transfer(e)

TM | drmssel | drmese2 | dimses | Qrm Qset Qse2 Qse3 Q+on Qo Q+ooH

Ti" 2.54 2.54 2.54 -1.08 0.28 0.28 0.28 0.49 0.82 0.42
Ti 2.56 2.54 2.56 -1.15 0.27 0.36 0.27 0.47 0.76 0.52
Ti™ 2.58 2.57 2.58 -1.19 0.28 0.28 0.28 0.42 0.70 0.54
\%A 2.40 2.56 2.56 -0.98 0.34 0.21 0.22 0.45 0.68 0.41
\'A 248 2.57 2.57 -1.05 0.33 0.24 0.24 0.44 0.67 0.41
\'A 2.57 2.57 2.57 -1.03 0.27 0.26 0.26 0.41 0.62 0.43
Cr 2.38 2.64 2.65 -0.83 0.18 0.17 0.18 0.53 0.61 0.44
Cr 2.62 2.63 2.63 -0.79 0.18 0.18 0.18 0.48 0.64 0.43
Mn* 2.60 2.70 2.64 -0.67 0.19 0.17 0.18 0.55 0.65 0.54
Mn’ 2.73 2.74 2.74 -0.73 0.18 0.18 0.18 0.53 0.58 0.67
Mn™ 2.74 2.74 2.74 -0.92 0.20 0.21 0.20 0.46 0.54 0.35
Fe* 2.30 242 242 -0.59 0.22 0.15 0.15 0.52 0.67 0.47
Fe’ 233 2.50 2.50 -0.69 0.24 0.15 0.15 0.49 0.63 0.50
Co” 233 2.33 2.32 -0.40 0.10 0.09 0.09 0.46 0.67 0.46
Co’ 241 242 242 -0.49 0.14 0.15 0.15 0.44 0.60 0.41
Ni* 2.33 2.33 2.33 -0.28 0.09 0.09 0.09 0.48 0.59 0.38
Ni* 2.38 2.38 2.38 -0.39 0.12 0.11 0.11 0.39 0.50 0.32
Cu” 2.46 2.46 2.46 -0.32 0.09 0.09 0.09 0.53 0.61 0.51
Cu’ 245 2.46 2.46 -0.42 0.12 0.12 0.12 0.46 0.49 0.28
Ru” 2.34 2.45 2.45 -1.25 0.06 0.04 0.04 0.39 0.63 0.40
Ru’ 2.33 242 2.44 -1.28 0.04 0.06 0.05 0.37 0.55 0.36
Ru” 2.34 2.39 2.39 -1.30 0.05 0.06 0.06 0.32 0.47 0.31
Rh* 241 2.45 2.45 -1.10 0.03 0.03 0.01 0.39 0.59 0.35
Rh’ 2.45 2.46 2.46 -1.20 0.05 0.05 0.05 0.34 0.56 0.28
Rh’ 241 242 242 -1.01 | -0.01 | -0.01 | -0.01 0.44 0.64 0.41
Pd” 2.53 2.54 2.55 -1.09 0.02 0.02 0.02 0.42 0.56 0.33
Pd’ 2.53 2.54 2.55 -1.16 0.03 0.03 0.03 0.33 0.44 0.26
Ag" 2.75 2.77 2.78 -1.24 0.05 0.05 0.06 0.53 0.54 0.49
Ag’ 2.74 2.75 2.77 -1.37 0.08 0.09 0.08 0.41 0.41 0.18

Apart from V> Cr> Fe> and Fe" @PtSez systems, the TM-Sel, TM-Se2,
and TM-Se3 bonds of other TM@PtSe2 systems are approximately equal in
length, with the range of 2.30 - 2.78 A. In systems with different bond lengths,
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the shorter the bond length, the more charge transfer. For example, in the Fe*
system, the bond length between the Fe atom and Sel is shorter, and more

charges are transferred.
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Table S7. The AG+=on, AG+o, and AG=oon of TM@PtSe; are calculated using the PBE (without
solvation) and PBE+SOL (with solvation) methods in TM(@PtSe; systems (unit: eV).

PBE PBE+SOL

™ AG+on AG+o AGoon AG+on AG+o AG+oon
Ti" -1.91 -1.59 1.62 -0.21 -0.05 3.35
Ti -1.86 -1.45 1.64 -0.13 -0.54 3.36
Ti" -1.68 -1.15 1.82 -0.04 -0.20 3.56
\%A -1.40 -1.20 1.99 -0.40 -0.27 3.24
\'A -1.36 -0.97 2.23 -0.20 0.29 3.60
\'A -1.57 -1.15 1.75 -0.06 0.22 343
Cr* -0.57 -0.09 2.68 0.08 0.61 3.64
Cr -0.58 0.00 243 0.35 0.97 3.54
Mn* -0.75 0.25 2.53 0.02 1.08 3.53
Mn’ -0.91 0.35 3.17 0.16 1.52 443
Mn"™ -0.13 0.93 2.98 1.33 2.51 4.57
Fe* -0.65 0.40 2.55 -0.18 0.83 3.31
Fe’ -0.66 0.57 2.60 -0.05 1.16 3.47
Co” -0.40 0.51 2.72 -0.06 0.72 3.32
Co’ -0.32 0.93 2.79 0.07 1.34 3.51
Ni* 0.31 1.68 3.35 0.51 1.75 3.81
Nt 0.19 1.50 3.16 0.47 1.77 3.72
Cu” 0.08 2.22 3.30 0.17 2.24 3.70
Cu’ 0.98 2.95 3.96 1.23 3.29 4.56
Ru* -0.30 -0.11 2.51 0.00 0.20 3.13
Ru’ -0.41 -0.26 242 -0.06 0.16 3.06
Ru™ -0.39 -0.38 2.49 -0.01 0.09 3.18
Rh* -0.18 1.09 3.15 0.41 1.25 3.59
Rh’ 0.20 0.95 3.10 0.46 1.27 3.62
Rh’ 0.27 1.34 3.38 0.50 1.46 3.81
Pd” 1.16 2.87 4.03 1.28 2.88 4.43
Pd’ 0.68 2.46 3.76 1.16 2.70 4.12
Ag” 0.57 2.97 3.78 0.67 2.99 4.19
Ag’ 1.64 3.87 4.34 1.91 4.24 5.03

The solvation effect is considered by the VASPsol code with a dielectric constant of
78.4 to simulate the H20 solvent environment (PBE+SOL).% There is a difference
between PBE and PBE+SOL. We have used the results obtained with PBE+SOL for

our subsequent analysis.
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Table S8. The optimized structures of *OH, *O and *OOH intermediates on the different
TM@PtSe; systems.
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The structures of *O and *OH are not significantly different among the various systems,
while there is a large difference in *OOH structures. This means that the defect charge
can significantly affect the structure of *OOH, thereby influencing the adsorption
strength.

Table S9. The Gibbs free energy change between two intermediate processes, slab to *OH (AGy),
*OH to *O ( AG>), *O to *OOH ( AG3) and *OOH to Oz (AG4) (unit: eV) of TM@PtSe, system(the
system of anchoring other transition metal atoms that we did not discuss in the main text), as well
as the corresponding OER overpotential (1°5R) and ORR overpotential ( n°FF) (unit: eV) (unit: eV)
are calculated by PBE (without solvation) and PBE+SOL (with solvation) methods in TM@PtSe,

systems. .

PBE PBE+SOL

TM | AG: | AG; | AGs | AGs | n%FR [nORR [ AG, | AG, | AGs | AGs | nOFR [ 1ORR
Zr |25 |03 [3293.48225[338 | 4.15|2.62 |3.62 283|239 |538
Zr' | -2.26|-1.93 | 1.35|4.92 | 2.34 | 3.49 | -1.94 [ 034 [3.6 |2.92|237 | 1.94
Zr" | 2.04 | 029 |3.25|3.42 (219 327 |-1.72 029 |3.58|2.77 | 2.35 | 2.95
Nb* | -1.85 | -0.07 | 3.53 | 3.31 | 2.08 | 3.08 | -1.53 | -0.07 | 3.86 | 2.66 | 2.63 | 2.76
Nb* | -1.68 | -0.10 | 3.47 | 3.23 | 2.24 [ 2.91 |-1.36 | -0.10 | 3.80 | 2.58 | 2.57 | 2.59
Nb™ | -0.21 | 0.19 | 3.53 | 1.41 | 2.30 | 1.44 | 0.11 | 0.19 |3.86 | 0.76 | 2.63 | 1.12
Hf* | 0.07 | 0.70 |2.97 | 1.18 | 1.74 | 1.16 | -1.05 | 2.93 | 1.91 | 1.13 | 1.70 | 2.28
Hf | 0.84 |0.52 |3.03|0.53|1.80 [0.71 | 0.97 | 038 |3.46]0.11 | 223 | .12
Ta" | 025 | -0.17 | 3.73 | 1.01 | 2.50 | 0.88 | 0.34 | 0.38 | 3.47 | 0.73 | 2.24 | 0.89
Ta” | 0.35 |-0.17 | 3.73 | 1.01 | 2.50 | 0.88 | 0.49 | -0.22 | 4.02 | 0.63 | 2.79 | 1.45
W* [ 032 |-0.42 |3.44 [ 1.58 | 2.21 | 1.65 | 0.43 | -0.25|3.57 | 1.17 | 2.34 | 1.48
W 035 |-0.10 | 3.33 [ 1.34 | 2.10 | 1.33 | 0.52 | 0.04 |3.55|0.81 | 2.32 | 1.19
W" | 0.56 | -0.17 | 3.31 | 1.22 | 2.08 | 1.40 | 0.78 |-0.06 | 3.55 | 0.81 | 2.32 | 1.19
Os* | -0.70 | -0.30 | 3.13 [ 2.79 | 1.90 | 1.93 | -0.52 | -0.22 | 3.42 | 2.24 | 2.19 | 1.75
Os" | -0.84 | -0.10 | 3.05 [ 2.81 | 1.82 | 2.07 | -0.59 | -0.02 | 3.34 | 2.19 | 2.11 | 1.82
Os™ | -0.59 | -0.44 | 3.51 | 2.44 | 2.28 | 1.82 | -0.38 | -0.29 | 3.76 | 1.83 | 2.53 | 1.61
I |-027|0.76 |2.29|2.14 | 1.06 | 1.50 | -0.08 | 0.69 | 2.64 | 1.67 | 1.41 | 1.31
I |-0.18]0.56 |2.53|2.01|1.30 | 1.41 | 003 |0.61 |2.80] 148 1.57 |1.20
I’ |-0.05]0.60 [2.39]1.98]1.16 | 1.28 | 0.15 | 0.58 | 2.66 | 1.53 | 1.43 | 1.08
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Table S10. The Gibbs free energy change between two intermediate processes, slab to *OH (AGy),
*OH to *O ( AGz), *O to *OOH ( AG3) and *OOH to Oz (AG4) (unit: eV) of TM@PtSe; system,
as well as the corresponding OER overpotential ( 1°}) and ORR overpotential ( n°%®) (unit: eV)
are calculated by PBE (without solvation) and PBE+SOL (with solvation) methods in TM@PtSe»

systems.

PBE PBE+SOL
TM | AGi | AGa | AG3 | AGs | n°FR | nORR | AG; | AG2 | AG; | AGy | nOFR | nORR
Ti* | -1.91[0.32[3.20|3.31(2.08 |3.14 | -021 | 0.16 |3.40 | 1.57 |2.17 | 1.44
Ti' | -1.86 | 0.41 | 3.10 | 3.27 | 2.04 | 3.09 | -0.13 | -0.40 | 3.90 | 1.55 | 2.67 | 1.63
Ti" | -1.68 | 0.53 | 2.97 | 3.10 | 1.87 | 2.91 | -0.04 | -0.16 | 3.76 | 1.36 | 2.53 | 1.39
V* | -1.40 | 0.20 | 3.19 | 2.93 | 1.96 | 2.63 | -0.40 | 0.12 | 3.52 | 1.68 | 2.29 | 1.63
V' | -1.36 | 0.40 | 3.20 | 2.68 | 1.97 | 2.59 | -0.20 | 0.49 | 3.32 | 1.31 |2.09 | 1.43
V* | -1.57 [ 0.41 | 291 | 3.17 | 1.94 | 2.80 | -0.06 | 0.28 | 3.21 | 1.49 | 1.98 | 1.29
Cr* | -0.57 048|277 224|154 | 1.8 |0.08 |[0.53 |3.03|1.28 | 1.80 | 1.15
Cr | -0.58 [ 0.58 | 2.43 | 2.49 | 1.26 | 1.81 | 0.35 | 0.62 |2.57 | 1.38 | 1.34 | 0.88
Mn* | -0.75 | 1.00 | 2.28 [ 2.39 | 1.16 | 1.98 | 0.02 | 1.07 |2.44 | 1.39 | 1.21 | 1.21
Mn' | -091 | 126 [ 2.82 | 1.75 | 1.59 | 2.14 | 0.16 | 1.36 | 2.91|0.49 | 1.68 | 1.07
Mn"” | -0.13 | 1.06 | 2.05 | 1.94 | 0.82 | 1.36 | 1.33 | 1.18 | 2.06 | 0.35 | 0.83 | 0.88
Fe* | -0.65 | 1.05 [ 2.15 [ 2.37 | 1.14 | 1.88 | -0.18 | 1.00 |2.48 | 1.62 | 1.25 | 1.41
Fe' | -0.66 | 1.23|2.03|232|1.09 | 1.89 | -0.05 | 1.21 |2.31|1.45 |1.08 | 1.28
Co* | -0.40 | 0.90 | 2.21 | 220 [ 0.98 | 1.63 | -0.06 | 0.78 |2.59 | 1.60 | 1.36 | 1.29
Co" |-0.32 125|186 |2.13(0.90 | 1.55[0.07 | 128 |2.17|1.40 | 094 | 1.16
Ni* | 031 | 1.37 | 1.66 | 1.58 | 0.43 | 0.92 | 0.50 | 1.25 |2.06 | 1.11 | 0.83 | 0.73
Ni" | 0.19 | 1.32|1.66|1.75|0.52 | 1.04 | 0.47 | 1.30 [ 1.95]|1.20 |0.72 | 0.76
Cu* | 0.08 |2.14 | 1.08 | 1.62 [ 0.91 | 1.15 | 0.17 | 2.06 | 1.47 | 1.21 | 0.83 | 1.06
Cu | 098 |1.97|1.01]0.96]|0.74|027 |1.24 [2.05 | 1.27]0.36 | 0.82 | 0.87
Ru* | -0.30 | 0.19 | 2.62 [ 2.41 | 1.39 | 1.53 | 0.0 |0.21 [2.92|1.79 | 1.69 | 1.23
Ru | -0.41 | 0.15 [ 2.68 | 2.50 | 1.45 | 1.64 | -0.06 | 0.22 | 2.90 | 1.86 | 1.67 | 1.29
Ru” | -0.39 [ 0.01 | 2.87 | 2.43 | 1.64 | 1.62 | -0.02 | 0.10 | 3.06 | 1.78 | 1.83 | 1.25
Rh* | 0.18 | 091 | 2.06 [ 1.77 | 0.83 | 1.05 | 0.41 | 0.84 |2.34|1.33 | 1.11 | 0.82
Rh* | 020 [0.75|2.14 | 1.83 | 0.91 | 1.03 | 046 | 0.81 | 235|130 |1.12 |0.77
Rh' | 027 | 1.07 [ 2.04 | 1.54 | 0.81 | 0.96 | 0.50 [0.96 |2.35|1.11 | 1.12|0.73
Pd* | 1.16 | 1.72 | 1.15]0.89 | 0.49 | 034 | 1.29 | 1.59 | 1.55|0.49 | 0.36 | 0.74
Pd" | 0.68 | 1.78 | 1.30 | 1.16 | 0.55 [ 0.55 | 1.16 | 1.54 | 1.42 | 0.80 | 0.31 | 0.43
Ag* | 0.58 [2.39]0.81|1.14 | 1.16 | 0.65 | 0.67 |2.31 | 1.21|0.73 | 1.08 | 0.56
Ag | 1.64 |223]047]058|1.00 |0.76 | 1.91 | 233 |0.79 | -0.11 | 1.10 | 1.34

According to Eq. S11 in Note S3, we can calculate the Gibbs free energy change for

each step of the four-electron process. Then, using Eqs. S14 and S15, we can obtain the
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overpotential for OER and ORR respectively. Table S9 refers to several groups with
poor results that were not shown in the main text, while Table S10 represents the 29

groups discussed in the main text.

Table S11. The summary of bifunctional catalysts ¢

Catalyst nOER nORR AE
This Pd*@PtSe; 031V 043V 0.74 V
work Pd"@PtSe; 036V 0.74 V 1.10V
Ru/C 039V 0.62V 1.01V*®
MoC> 0.45V 0.47V 0.92V"
Co3(HITP), 036V 0.73V 1.09 V"
Fe-based COF 038V 0.48 V 0.86 V"
Ni@S-GPY 043V 036V 0.79 V¥
Pt@Sb 0.48V 0.71V 1.19V"®
Cu@MSN 0.55V 0.65V 1.20 V"
Other Co@g-C3N4 0.53V 0.67V 1.20V"
reports Rh/Vn-CN 032V 043V 0.75 V¥
Rh/Pd@C,N 037V 038V 075V’
Cu@Mo,B, 031V 034V 0.65V"
Ni/Pt@N;-BP 0.44/0.25V 0.29/0.32V 0.73/0.57V"
Ni@Va—2Np—AlP 026V 032V 0.58 V¥
Pd@1T-MoSe; 0.49V 032V 0.81 V"
Co-DW 045V 0.46 V 0.91 V¥
Ni@Vs$; 031V 0.45V 0.86 V*
Rh@CsN 035V 027V 0.62 V¥

MOER and nORR represent the overpotential of the OER and ORR processes. AE is the sum of

T]OER and T]ORR.

The results obtained in this work compare favorably with the reported results so
far, demonstrating excellent catalytic performance for OER, ORR, and bifunctional

applications.
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Table S12. The inter-atomic charge transfer (CT) in TM, O, and H among each adsorption process,
where Qtm, Qo, and Qp are the value of charge transfer in TM, O, and H atoms after absorbing the
OH, and Qm, Qo, Qu are the quantities of CT in TM and O atoms in *O process, and the Qrmr,
Qor, Qo1r, Qurrepresent the number of CT in TM, O and H atoms.

™ Qrm+on Qrm*o Qrm*oon
QM Qo Qu Qrm Qo Qmv | Qorr | Qo2 | Qur
Ti" -0.28 1.16 -0.67 -0.36 0.82 -0.36 | 0.48 0.56 | -0.62
Ti’ -0.24 1.15 -0.68 -0.27 0.76 -0.21 | 0.53 0.61 | -0.62
Ti™ -0.27 1.05 -0.63 -0.33 0.70 -0.15 | 0.54 0.65 | -0.65
A -0.32 111 -0.66 -0.30 0.68 -0.32 | 0.46 0.55 | -0.60
\'A -0.21 1.08 -0.64 -0.34 0.67 -0.25 | 0.48 0.55 | -0.62
\'A -0.30 1.07 -0.66 -0.35 0.62 -0.22 | 0.50 0.55 | -0.62
Cr -0.24 1.12 -0.59 -0.34 0.61 -0.31 0.48 0.60 -0.64
Cr -0.35 111 -0.63 -0.45 0.64 -0.33 | 0.43 0.64 | -0.64
Mn* -0.39 1.18 -0.63 -0.30 0.65 -0.41 0.49 0.68 -0.63
Mn’ -0.40 1.14 -0.61 -0.20 0.58 -0.28 | 0.49 0.75 | -0.57
Mn"™ -0.21 1.09 -0.63 -0.10 0.54 -0.23 0.38 0.63 -0.66
Fe* -0.26 1.13 -0.61 -0.26 0.67 -0.40 | 0.45 0.64 | -0.62
Fe' -0.29 111 -0.62 -0.25 0.63 -0.14 | 0.49 0.61 | -0.60
Co” -0.29 1.10 -0.64 -0.36 0.67 -0.27 | 0.45 0.62 | -0.61
Co’ -0.29 1.04 -0.60 -0.27 0.60 -0.27 | 0.43 0.60 | -0.62
Ni* -0.33 1.08 -0.60 -0.35 0.59 -0.25 | 041 0.60 | -0.63
Ni’ -0.27 1.03 -0.64 -0.30 0.50 -0.27 | 0.38 0.57 | -0.63
Cu” -0.25 111 -0.58 -0.27 0.61 -0.25 | 0.49 0.61 | -0.59
Cu’ -0.24 1.07 -0.61 -0.26 0.49 -0.21 | 0.38 054 | -0.64
Ru” -0.31 0.99 -0.60 -0.50 0.63 -0.33 0.37 0.63 -0.60
Ru’ -0.33 0.97 -0.60 -0.45 0.55 -0.34 | 0.37 0.64 | -0.65
Ru” -0.33 0.96 -0.64 -0.42 0.47 -0.35 0.34 0.62 -0.65
Rh* -0.32 0.97 -0.58 -0.47 0.59 -0.30 | 0.37 054 | -0.56
Rh’ -0.28 0.94 -0.60 -0.45 0.56 -0.27 0.34 0.57 -0.63
Rh’ -0.37 1.01 -0.57 -0.51 0.64 -0.34 | 0.40 0.62 | -0.61
Pd* -0.27 1.01 -0.59 -0.35 0.56 -0.25 | 0.37 0.56 | -0.60
Pd’ -0.25 0.92 -0.59 -0.35 0.44 -0.26 | 0.32 0.54 | -0.60
Ag" -0.15 1.12 -0.59 -0.18 0.54 -0.16 | 0.45 0.64 | -0.60
Ag’ -0.06 0.98 -0.57 -0.15 0.41 -0.11 | 0.30 0.52 | -0.64

The charge transfer situation is the same for *OH, *O and *OOH intermediates on the
different TM@PtSe:z system. The TM atoms lose electrons, the O atoms gain electrons,

and, the H atoms lose electrons except for the *O intermediates. The range of electron
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loss for the TM atoms is 0.06 to 0.50 eV, while the H atoms lose approximately 0.6 eV.
The number of electrons gained by the O atoms varies in different intermediates. In *O
intermediates, it gains the most electrons, with a range of 0.92 to 1.18 eV. In *OH
intermediates, the range is 0.41 to 0.82 eV. In *OOH, each of the two O atoms gains an

average of around 0.5 eV of electrons.
Table S13. The d band center ((¢4, V) of TM in TM(@PtSe; systems, where Spin up and Spin down
are the d band center of spin-up and spin-down electrons, and the average stands for the mean of

the total d band center value.

™ Spin up Spin down Average
Ti" 0.071 1.056 0.564
Ti' 0.001 1.190 0.596
Ti" -0.309 0.747 0.219
%A -0.347 1.846 0.750
\'%A -0.642 1.047 0.203
%A -0.651 1.536 0.443
Cr -1.294 1.835 0.271
Cr -1.185 2.151 0.483
Mn™ -2.907 0.657 -1.125
Mn’ -2.942 0.694 -1.124
Mn™ 0.267 -3.292 -1.513
Fe~ 0.192 -2.179 -0.994
Fe -2.677 0.085 -1.296
Co” -1.666 -0.457 -1.062
Co’ -1.969 -0.371 -1.170
Ni* -1.295 -1.294 -1.295
Ni’ -0.873 -1.257 -1.065
Cu” -2.504 -2.506 -2.505
Cu -2.769 -2.768 -2.769
Ru” -1.672 -1.026 -1.349
Ru’ -1.491 -1.251 -1.371
Ru™ -1.170 -1.171 -1.171
Rh* -1.806 -0.713 -1.260
Rh’ -1.831 -1.303 -1.567
Rh’ -1.429 -1.429 -1.429
Pd* -2.139 -2.140 -2.140
Pd -1.540 -1.270 -1.405
Ag" -4.035 -4.035 -4.035
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Ag’ -3.534 -3.534 -3.534

Table S14. The PBE (without solvation) and PBE+SOL (with solvation) methods calculate the total
magnetic moment (in ug) for the oxygenated intermediates before (ugo) and after adsorbing(us-om,

UB-0, and ,uB.OOH) on TM@PtSez.

PBE PBE+SOL

T™™ | uBo | u-on | UB-o | UB-0oOH | MBO | MB-OH | MUB-O | UB-OOH
Ti* | 4.00 | 3.00 | 2.00 | 3.00 | 4.00 | 3.00 | 2.00 | 3.00
Ti® | 3.00 | 2.00 | 1.00 | 2.00 | 3.00 | 2.00 | 1.00 | 2.00
Ti™ | 3.00 | 1.00 | 0.00 1.00 | 3.00 | 1.00 | 0.00 1.00
V* | 3.00 | 2.00 | 3.00 | 2.00 | 3.00 | 2.00 | 3.00 | 2.00
V' | 2.00 | 3.00 | 2.00 1.00 | 2.00 | 3.00 | 2.00 1.00
v | 3.00 | 2.00 | 1.00 | 2.00 | 3.00 | 2.00 | 1.00 | 2.00
Cr* | 4.00 | 500 | 2.00 | 3.00 | 4.00 | 5.00 | 2.00 | 3.00
Cr' | 5.00 | 4.00 | 3.00 | 4.00 | 5.00 | 4.00 | 3.00 | 4.00
Mn™ | 5.00 | 4.00 | 1.00 | 4.00 | 474 | 4.00 | 1.00 | 4.00
Mn" | -4.81 | 500 | 0.00 | 1.00 |-5.83 | 5.00 | 0.00 | 1.00
Mn™ | 5.00 | 428 | 1.00 | 4.00 | 5.00 | 4.10 | 1.00 | 4.00
Fe* | -2.00 | 3.00 | 2.00 | 4.00 |-2.00 | 3.00 | 2.00 | 4.00
Fe' | 3.00 | 4.00 | 3.00 | 3.00 | 3.00 | 4.00 | 3.00 | 3.00
Co* | 1.00 | 2.00 | 3.00 | 2.00 1.00 | 2.00 | 3.00 | 2.00
Co" | 2.00 | 3.00 | 2.00 | 3.00 | 2.00 | 3.00 | 2.00 | 3.00
Ni* | 0.00 | 1.00 | 2.00 1.00 | 0.00 | 1.00 | 2.00 1.00
Ni" | 1.00 | -2.00 | 3.00 | -2.00 | 1.00 | -2.00 | 3.00 | -2.00
Cu* | 0.01 | 0.00 | -1.00 | 0.00 | 0.00 | 0.00 | -1.00 | 0.00
Cu’ | 0.00 | 0.98 | -2.00 | 098 | 0.00 | 0.94 | -2.00 | 1.00
Ru™ | 2.00 | 1.00 | 2.00 1.00 | 2.00 | 1.00 | 2.00 1.00
Ru" | 1.00 | 1.98 | 1.00 | 0.00 1.00 | 1.99 | 1.00 | 0.00
Ru™ | 0.00 | 1.00 | 0.00 1.00 | 0.00 | 1.00 | 0.00 1.00
Rh* | 1.00 | 0.00 | 3.00 | 0.00 1.00 | 0.00 | 3.00 | 0.00
Rh* | 2.00 | 1.00 | 2.00 1.00 | 2.00 | 1.00 | 2.00 1.00
Rh" | 0.00 | 0.99 | 2.00 | 0.87 | 0.00 | 0.99 | 2.00 | 0.92
Pd* | 0.00 | 1.00 | 2.00 1.00 | 0.00 | 1.00 | 2.00 1.00
Pd” | 1.00 | 1.99 | 3.00 | 0.00 | 1.00 | 1.99 | 3.00 | 0.00
Ag“ | 0.10 | 0.00 | 1.00 | 0.00 | 0.00 | 0.00 | 1.00 | 0.00
Ag | 0.00 | 042 | 1.84 | 0.71 | 0.00 | 0.00 | 1.82 | 0.94
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According to the data in the table, defect charges significantly impact the system's
magnetic moment. Different charge states affect the system differently, resulting in
varying influences on charge transfer.

Table S15. The descriptors related to structure and atomic properties, including the bond length of
TM and coordination atoms (dm-se1, dT™- se2 and dm- se3, A), the d-band center (g4, €V), the charge
transfer of TM atoms (Q., €"), the electronegativity (Nu), the electron affinity (y., eV), the first
ionization energy (I, €V), the radius of TM atom (74, pm) and the number of TM-d electrons (Ne).

™ | divser | dimser | Drwses &d 0. Ny, Am I rd Ne
Ti" 254 | 254 | 254 |056 |-1.08 |154 |008 |6.83 | 146 2
Ti' 256 |254 |256 |0.06 |-1.15 | 154 |0.08 |6.83 | 146 2
Ti™ 258 |257 |258 |022 |-119 |154 |0.08 |6.83 | 146 2
\'%A 246 | 258 | 258 |075 |-098 |163 |053 |675 |135 3
\A 248 | 257 |257 |020 |-1.05 |163 |053 |6.75 | 135 3
v 257 |257 |257 |044 |-103 |163 |053 |6.75 | 135 3
Cr 241 272 |272 |027 |-083 |166 |0.67 |6.77 |128 5
Cr 262 |263 |263 |048 |-0.79 | 166 |0.67 |6.77 | 128 5
Mn* | 260 |270 |264 |-113 |-0.67 |155 |-050 |7.43 | 126 5
Mn' | 273 |274 |274 |-112 |-0.73 | 155 |-050 |7.43 | 126 5
Mn™ | 274 |274 |274 |-151 |-092 |155 |-050 |7.43 | 126 5
Fe* 233 | 246 |246 |-099 |-059 |183 |015 |7.90 |127 6
Fe’ 240 |256 |257 |-130 |-0.69 |183 |015 |7.90 | 127 6
Co* 233 |233 |232 |-1.06 |-040 |188 | 066 |7.88 |125 7
Co’ 241 | 242 |242 |-117 |-049 | 188 |0.66 |7.88 | 125 7
Ni* 233 |233 |233 |-130 |-0.28 |191 |116 |7.64 | 125 8
Ni* 238 |238 |238 |-107 |-0.39 |191 |116 |7.64 | 125 8
Cu* |246 |246 |246 |-251 |-032 |190 |124 |7.73 | 128 10
Cu 245 | 246 |246 |-277 |-042 | 190 |124 |7.73 | 128 10
Ru* |234 |245 | 245 |-135 |-1.25 | 220 |1.05 |7.36 | 134 7
Ru’ 233 242 |244 |-137 |-1.28 | 220 |1.05 |7.36 |134 7
Ru™ [234 |239 |239 |-117 |-130 | 220 |1.05 |7.36 | 134 6
Rh* |241 |245 |245 |-126 |-110 | 228 |114 |7.46 | 135 8
Rh’ 245 | 246 |246 |-157 |-1.20 | 228 |114 |7.46 | 135 8
Rh’ 241 | 242 |242 |-143 |-1.01 | 228 |114 |7.46 | 135 8
Pd* 253 | 254 |255 |-214 |-1.09 | 220 |056 |834 |138 8
Pd’ 253 | 254 |255 |-141 |-1.16 | 220 |056 |834 | 138 7
Ag | 275 | 277 | 278 |-404 |-124 |193 |130 |758 | 145 10
Ag’ 274 | 275 | 277 |-353 |-1.37 | 193 |130 |758 | 145 10
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