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Although the atomic catalyst has attracted intensive attention in the past few years, the current

progress of this field is still limited to the single atomic catalyst (SAC). With very few
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successful cases of dual atomic catalysts (DACs), the most challenging part of experimental
synthesis still lies in two main directions: the thermodynamic stability of synthesis and the
optimal combination of metals. To address such challenges, we propose comprehensive
theoretical investigations on graphdyine (GDY)-based DAC by considering both the formation
stability and the d-band center modifications. Unexpectedly, we prove the introduction of
selected lanthanide metals (Ln) to the transition metals (TM) contributes to the optimized
stability and electroactivities. With further verification by machine-learning, we unravel the
potential f~d orbital coupling as the pivotal factor in modulating the d-band center with
enhanced stability by less orbital repulsive forces. These findings supply the delicate
explanations of the atomic interactions and screen out the most promising DAC to surpass the
limitations of conventional trial and error synthesis. This work has supplied an insightful
understanding of DAC, which opens up a brand new direction to advance the research in atomic

catalysts for broad applications.

Due to increasing demands for catalyst performances, nanoengineering based strategies have
been proposed to design the electrocatalyst with superior performances. The advanced
performances of the individual metal site rather than nanoparticles in electrocatalysts have been
proposed by Flytzani-Stephanopoulos ef al. in the water-gas shifting reactions and Bashyam &
Zelenay in oxygen reduction reactions (ORR)!!!. With the development of the characterization
technique, the successful realization of isolated Pt sites by Zhang et al. has been confirmed that
plays a significant role in the electrocatalysis of CO oxidation!?!. Since then, the heterogeneous
catalyst has entered a new stage. As one of the most effective solutions in the nanoengineering
approaches, atomic catalysts (ACs) have become the most significant research topics due to

their superior performances mastering in broad chemical reactions covering chemical
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synthesisl®!, green energy production'*!, pollution gas conversion!?> *. Currently, the transition
metals with well-known electroactivity have been considered as promising selections for AC,
including Pt, Pd, Co, Ni, Fe, Ru, Ir, etcll. Although the unique structural properties of Ln metals
at the atomic scale may further endow them with an unexpected performance, the rare-earth
metal based AC are only reported by a few groups!’!. Such a phenomenon is not only induced
by electroactivity limitations but also the synthesis challenges. Owing to the significant
progress achieved in AC, the understanding of the electron transfer and interactions at the
atomic level has been successfully achieved in previous theoretical explorations™® ®. However,
the in-depth understanding of the electronic structure in AC still requires further explorations
from the advanced theoretical approaches. Therefore, regarding the impressive progress in the

single atomic catalyst, it is the timing for a further step towards the DACP!.

Although the SAC has achieved success in the past decade, the single atomic active site of one
single metal also limits the modulation space for further performance improvements in many
material systems. Through the introduction of the second metal atom, the electronic
redistribution of surface active sites is able to further optimize the adsorption strength of the
intermediates during the reactions, which further improves the electroactivity. Although there
have been some theoretical investigations!'%), the DAC has only been achieved in very few cases
from experiments. Utilizing MOF with different metal precursors has been another potential

approach to achieve DACI!'!

. Some other approaches such as competitive complexation
strategy, bottom-up atomic layer deposition!'?]. Li et al. have successfully prepared the DAC
based on the precursor-preselected” wet-chemistry strategy!'?®). Meanwhile, for the DACs

without direct bonding between metals, several approaches have been introduced. Recently,

Fan et al. have reported the W-Mo DAC for pH-universal hydrogen evolution reaction (HER),



which realizes the stable anchoring and fine distribution based on the formation of O-
coordinated bonding environments!'?’l. A similar strategy has also been introduced in the Co-
Fe DAC by Hu et al. to stabilize the two metal atoms!'?°l. To achieve the stable DACs, several
main challenges existed in the synthesis including 1) the aggregation issues of the surface metal
atoms, 2) the competition during the synthesis, and 3) The identification of valence states for

surface metal atoms.

Considering the current developments of DACs, several significant questions have appeared —
What is the real dual atomic catalyst? What are the correlations between two metal atomic sites?
The DAC is constructed by two close SAC sites without direct bonding or the coupling of two
neighboring metal atomic sites? These questions are revealed under three circumstances in
Figure 1. For the first circumstances, owing to the strong repulsive force between d-orbitals,
the synthesis of both homo-coupling and hetero-coupling TM-based DACs usually lead to the
isolated metal sites on the surface. The individual SAC will be more favored during the SAC.
For the second circumstance, additional assistances will be introduced to facilitate the synthesis
of DAC such as O or N atoms to coordinate the two different metal atom sites. For the last
circumstance, the introduction of Ln ions activates the f~d coupling to stabilize the DAC and
achieve high electroactivity, which results in a preferred DAC formation than the Ln-SAC or
TM-SAC. Although these questions have been pivotal for the future design strategy of DAC,

related investigations and explanations are still significantly lacking.

Until now, the synthesis method, characterization techniques, electrocatalysis mechanism have
achieved impressive progress® !*). However, the developments of the DAC still face

significant challenges regarding the precise control of metal atom anchoring, the suppression
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of metal agglomerations, and the accurate characterizations. Moreover, such promising
strategies of DAC is challenged by a large number of possible combinations among all the TM
and Ln, which requires the extremely high cost to verify the performances of these catalysts
case by case. The best solution is to integrate the theoretical calculations and machine learning
techniques to effectively explore and screen the most possible and potential candidates, which

supplies the pivotal guidance for experiments.

The most significant foundation for a good AC largely relies on the strong interactions between
the anchoring metal atom and the support material, which is the key factor to guarantee the
stable isolation of surface metal atoms as active sites to achieve high electrocatalytic
performances®. The available support materials for AC are classified into carbon-based
materials and oxides. The carbon-based support has offered a new type of substrate with unique
low dimension structures and coordination environments. Among different carbon-based
support materials, the GDY has become one of the most promising candidates. Most
importantly, GDY is composed of both sp” and sp hybridized carbon atoms with a high level of
n conjugations, where the unique sp hybridization optimizes the coordination of metal atoms
and the adsorption of intermediates during the electrocatalysis. In addition, the naturally
uniform pores in GDY have supplied the suitable anchoring sites for both the SAC and DAC.
Our previous works also confirm the untapped potential of GDY-based AC in realizing novel
zero-valence electrocatalysts, which propose the unique selection of anchoring metals for future
experimental synthesis design!'¥). Herein, we have performed the parallel theoretical
investigations on the GDY based DACs by considering all the combinations of TM and Ln
metals for the first time. Regarding the stability and the electroactivity of the DAC, we have

screened out the most promising experimental synthesis directions to achieve highly stable and



electroactive catalysts. The absence of the homo-coupling and hetero-coupling DAC in the
current SAC synthesis process is ascribed to the strong d-d repulsive force. Compared with the
highly unstable TM based DACs, the introduction of Ln metals to SAC realizes the electronic
self-balance effect in the Ln-TM DACs systems through the f~-d coupling effect. This work has
opened a new direction for searching the efficient DAC candidates with desired electrocatalytic
properties, supplying the pivotal understanding and guidance to the future experimental

synthesis of atomic catalyst developments.

Results and Discussions

As the most important factor, the thermodynamic trends of the formation should be one of the
most important factors to determine the synthesis possibility in experiments. To clearly
compare the formation preference, we have demonstrated the combinations between all TM
and Ln metals. Considering the similar atomic radius and electronic configurations, anchoring
two TM metals from the same row seems to be the most potential solution. The formation
energies of such DACs have been demonstrated in Figure 2a-c. Interestingly, it is noted that
such DACs are not generally favored, where the majority of the DACs show the positive
formation energies. The only exception appears at the Sc based 3d-3d DACs due to the weak
interactions between the nearly empty d-bands. The accommodation effect of the empty orbitals
is more evident in the Ln metal with f~orbitals. These results support that the DACs constructed
by similar TM might not be the optimal solution for the experimental synthesis induced by the
nature of instability. Among the same row, the formation energies are not regularly changed
with the periodic table. However, as the mass number of transition metal becomes larger, the
formation energies follow the order as 3d-3d<4d-4d<5d-5d, which indicates the low formation

preference of these DAC. These results explain that the absence of TM clusters in the previous



GDY-based SAC works is ascribed to the much lower thermodynamic preference!®® 1. The
mixture of TM has significantly balanced the formation energies of DACs, showing a similar
energy range (Figure 2d-f). Notably, we noticed the existence of a peak region near d° and a
valley region near d® in the energies of all the transition metal combinations. The phenomenon
is mostly regulated in 3d-4d and 3d-3d DAC. As the 4d and 5d TMs are introduced, such a
phenomenon has been slightly perturbed. Such a trend demonstrates the existence of late
transition metals leads to the most stabilized structure while the d*-d° transition metals should
not be considered as components of DAC. Unexpectedly, the introduction of Ln has shown a
significant role in stabilizing the DAC system, which shows much-lowered formation energies
(Figure 2g-i). For the Ln-3d DACs, most of the systems display thermodynamically favored
trends, in which the experimental synthesis of these DACs are highly promising with lowe
energy costs or even spontaneous. Moreover, the appearance of Ln has strongly alleviated the
fluctuations of energy change. Although we notice some extreme points, the evident
fluctuations with contrasting peak and valley regions are not evident. The formation energies
of the homo-coupling DACs are shown in Figure S1. It is noticed that as the d-orbital increases,
the overall formation energies increases from 3d-3d to 5d-5d homo-coupling DACs. In
comparison, the formation of Ln-Ln homo-coupling DACs is much more favorable since most
of the formation energies are exothermal. Meanwhile, the energy difference between the homo-
coupling and hetero-coupling is not evident, supporting the existence of competition between
DACs. Compared to the TM-TM homo-coupling DACs, the Ln-TM hetero-coupling DACs
show much lower formation energies, supporting the preference of the Ln-TM hetero-coupling
DACs during the formation competition. The introduced Ln perturb the regular energetic
variations of the TM based DAC, enabling more flexibility in the thermodynamic modulations

by the potential interactions between TM and Ln metals. Therefore, from the thermodynamic



perspective, the combination of transition and Ln metals is a promising solution to realize the

stable DAC.

To demonstrate the structure, we have selected the representative structures (the most stable)
for all the combinations (3d-3d, 3d-4d, 3d-5d, 4d-5d, 4d-4d, 5d-5d, Ln-3d, Ln-4d, Ln-5d, and
Ln-Ln) of GDY-based DACs in Figure S2-S3 and the corresponding bond lengths have been
summarized in Table S1. Notably, the minimum equilibrium bond lengths between the metal
sites vary largely from 2.52 to 4.01 A, which correspond to distinct structures of DACs. For
most of the conditions, we notice the stabilization of metal atoms in the same plane within the
pore of the GDY, such as Sc-Sc, Zr-Zr, and Hf-Hf DACs, in which the bond length changes are
very similar. For the hetero-coupling DACs, different distortions are noted. Owing to the
different ionic radius and electronic structures, the atomic distributions are not symmetrical,
leading to different distorition of GDY bonding as well. For the 4d-5d and 5d-5d hetero-
coupling DACs, we notice the strong repulsive force leads to the separation of metal from the
GDY, forming the dangling metal sites on the GDY. Compared to the TM, Ln metals prefer to
occupy the central place of the pores in GDY, in which the dual-metal sites are not at the same
plane. Such a unique structure results in the alleviation of the formation energies in Ln-based
DAC:s. These results suggest that different morphologies of the DAC are possible for different

combinations.

To further explicitly compare the formation energy difference among the metal combinations,
all the formation energies have been mapping in Figure 3a. Evidently, the data located below
the zero line are dominated by the Ln-TM combinations, supporting their intrinsic high stability

after formation, implying the f-d coupling effect is playing a pivotal role in realizing the
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thermodynamic stability of anchoring the dual metal atom sites on the GDY. The TM-TM
DACs are mostly unstable while the Ln-Ln DACs show the overall highest stability. Meanwhile,
since our previous works have confirmed that GDY-Ln catalysts are active in the inter- and
intra- atomic electron transfer, the strong stability of the Ln-Ln DACs are attributed to the f-d
orbital coupling by different Ln sites to achieve the thermodyanmaic stablization. Through the
Fourier Transfer of the energy, we also notice the gradual change of the amplitude from 3d to
Ln series (Figure 3b). For 3d, there are three evident sharp peaks at 0.03, 0.05, and 0.09,
respectively. For 4d and 5d, the peaks still exist but become much weaker and blurred. For Ln-
based DACs, we cannot identify any obvious peak in the spectra, which supports the weakened
trend of specific stability preference in the pure TMs combinations. More importantly, the box
plot also clearly reveals the energy change variations (Figure 3¢). We notice a volcano trend
for 3d, 4d, and 5d based DACs, where the peak always near the middle TM at V, Mo, and W
for 3d, 4d and 5d based DACs. In comparison, the Ln-based DACs demonstrate averagely lower
energies, supporting the higher synthesis possibility. Distinct from the volcano plots of TM
based DAC, we notice several small peaks at Ce, Pm and Lu. The middle Ln based DACs
construct a peak region from Gd to Dy. More importantly, due to the couplings between d and
forbitals, more abnormally high energies are noticed for Dy-Cd, Dy-Hf and W-Nd based DACs,
implying more complicated factors in the orbital couplings. Overall, compared to the TM-TM
based DACs, the Ln-TM based DACs offer a subtle energy variation trend, which supplies

higher controllability during the experimental synthesis.

Considering the thermodynamic stability, there are several perspectives needed to be considered
regarding the stabilization energies, anchoring energies, and the comparison with the

homogeneous structures. From the comprehensive mapping of the formation energies, it is



further confirmed that the thermodynamic preference of the Ln-TM combined DACs (Figure
4a). Only a few pure TM based DACs show the negative formation energies to support an
efficient synthesis. The stabilization energies refer to the energetic cost of two SACs to form
the DAC (Figure 4b). Notably, compared to two individual SACs, most of the metal atoms
prefer to form the DAC, except for the Ln-based DACs. These results that the mixture of metal
precursors in experimental synthesis leads to a stronger preference to form the DAC at one
appropriate anchoring site rather than forming isolated SAC in different anchoring sites.
Although the Ln-based DACs all show lower formation energies than TM-based DACs, they
still show less selectivity than the Ln-based SACs, especially for the light Ln elements. These
results further confirm that high thermodynamic stability cannot guarantee the synthesis of
DAC. The selectivity competition between the SAC and DAC is another pivotal factor.
Meanwhile, the anchoring energies further confirm the synthesis difficulties of the DAC
(Figure 4c¢). It is noted that most of the DACs show relatively high anchoring energy costs for
the second metal atom. Only limited combinations show a spontaneous reaction to anchor the
second metal atom on the formed SAC. Our results have explained the difficulties of the
continuous anchoring method to synthesis the DAC as previous works [ 12¢ 161 Meanwhile,
based on our results, we are able to screen out the promising combinations to achieve the stable
DAC. The strong energetic contrast between the stabilization and anchoring energies indicates
that the simultaneous anchoring of two different metal atoms is the optimal synthesis method.
Instead, introducing the second metal atom in the formed SAC faces much higher energy costs.
The homo-coupling DAC has already been successfully achieved in previous research!'??,
which shows more facile synthesis control than the hetero-coupling DAC (Figure 4d). For both
TM-TM and Ln-Ln DAC, the stabilized homo-coupling DACs are slightly more favored than
the hetero-coupling DACs. Meanwhile, the hetero-coupling Ln-TM DACs are slightly more
preferred than the homo-coupling TM-TM DACs due to the relatively lower energy cost. Thus,
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during the synthesis of DAC by mixing Ln and TM precursor, Ln-TM hetero-coupling and Ln-
Ln homo-coupling DACs are promising products since they have shown superior stability to
both homo-and hetero- coupling TM-TM DACs due to the f-d coupling between TM and Ln

atoms.

Beyond the thermodynamic stability, the electroactivity is carefully studied regarding the
classic d-band center approach. As shown in Figure 5, we have demonstrated the d-band centers
of all the DAC combinations. For the 3d-(3d, 4d, 5d) DACs, the d-band demonstrates a regular
downshifting as the d orbitals become more filled. From 3d to 5d, the overall d-band centers of
the 3d-(3d, 4d, 5d) DACs display a decreasing trend, especially for 3d-5d DACs with an evident
drop of the d-band center towards -8.0 eV below the Fermi level (Supplementary Figure S4-
S9). A similar decreasing trend is also preserved in the 4d-(3d, 4d, 5d) and 5d-(3d, 4d, 5d)
DACs, especially at the fully filled d!° orbitals (Supplementary Figure S10-S15). However,
such trends will be interrupted by the Ln, which is similar to energy mapping results in Figure
4. Distinct from the continuous downshifting trend, we notice the “hump” d-band centers with
two peaks (Supplementary Figure S16-S23). Instead of the light or heavy Ln based DACs,
the middle Ln based DACs demonstrate the valley-like d-band center trend, supporting a low
electroactivity. More importantly, the introduction of Ln metal has evidently lifted the d-band
center even for the fully occupied d'° element, which indicates the evident modulations by the
f-electrons from Ln metals. In comparison, the Ln-Ln DACs with fully occupied d-orbitals
demonstrates a high position of d-band, crossing the Fermi level. Compared to the large d-band
variation in TM-based DACs, the combination of between Ln elements only induces the limited

fluctuation of d-band change from Ev+0.5 to Ev+2.5 eV (We choose the valence band edge Ev
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at 0 eV as the reference line). This limited fluctuations near Ev in Ln-TM DACs supply more

appropriate electronic structures to facilitate the electron transfer in different reactions.

To better reveal the electroactivity change, we have mapped out the d-band center positions in
all the DAC combinations to unravel the evolution of electronic environments. From Figure
6a, the regular change trend of the d-band center becomes more evident. In particular, due to
the deep d-band center of Zn, Cd and Hg, their combination with other TMs still demonstrate
an evident drop, indicating an inert electroactivity depending on the on-site electron transfer
between d-d orbitals. In comparison, the evident increases of the d-band center in TM-Ln DACs
are noted, in which the combination of middle TM metals and Ln metals are able to display an
appropriate d-band center with high electroactivity within the range of Ev-2.0 eV to Ev. The
overall stable d-band models indicate the electron migration (EM) induced by the Ln metals.
Through the long-range site-to-site d-f electronic migration (SEM) model from d-orbitals of
TM — p-orbitals of GDY —f-orbitals of introduced Ln, the self-electronic balance of DAC is
preserved, leading to the evident alleviation of d-band center decreasing in TM-TM based DAC.
Moreover, all Ln-Ln DACs show the d-band center over the Fermi level, representing the high
valence states of Ln metals on the DAC. The involvement of Ln metals significantly uplifts the
d-band center position, which is a good selection to flexibly modify the electroactivity of DACs.
Meanwhile, we also compare the d-band center of the DAC and SAC (Figure 6b). Interestingly,
the TM-TM DACs show a distinct d-band center with the SAC, indicating the coupling effect
even between similar TM metal atoms. Since the d-band centers of SAC show the regular
downshifting trends, the d-band center shifting induced by the introduction of hetero TM metals
still preserves a similar downshifting trend. The combination with early TM will upshift the d-

band center while the late TM will lower the d-band center, which supplying an explicit
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direction for us to predict the electroactivity of DACs based on the change of d-band center in
TM-TM DAC:s. This strategy is also applicable to TM-Ln DACs, which is able to balance the
d-band center position to achieve the optimal electronic environment for electrocatalysis. It is
noted that the d-band center change induced by the interactions of Ln metals are very weak.
These results confirm that the d-d and f-d couplings effect between anchoring metal atoms are

much more feasible than the f~f coupling to achieve the desired modulations.

In previous works, the discussion of the d-band center and their correlations with the
electroactivity has been well interpreted!!”!. In addition, the p-band has also been proposed to
explain the intrinsic electroactivity of lattice oxygen in many oxide-based materials!'®l.
Although the high electroactivity of Ln materials has been often attributed to their unique
electronic environments, the detailed involvements of 4f orbitals have rarely been discussed.
More importantly, owing to the lack of atomic catalyst works on the Ln metals, the
corresponding f~-band center concept has never been demonstrated. However, since the f-d
coupling has indicated an evident modulation to the electronic environment, we also need to
further consider the f~-band center of the Ln-based DACs (Figure 7a). The f~band has shown an
evident valley trend, in which the middle Ln metals show the deepest positions of the f~band
center. This indicates the high electroactivity of light and heavy Ln-Ln DACs for promoting
electron transfer. It is worth mentioning that Lu-Ln DACs has shown an abnormally deep f-
band center, which is attributed to the strong repulsive force between the fully filled f~shell and
other forbitals. For the f~band center change, the homogenous combination of Ln shows limited
influence due to the limited f-f orbital couplings between the same Ln metals (Figure 7b). Since
the f~band center of Ln also demonstrate the valley trend, the Tb- and Gd-based DACs have

displayed the upshifting of the f-band center while the Lu-based DACs have shown a

13



downshifting trend. The f~band center does not follow the same variation trend as the d-band
center, which has rarely been discussed in previous literatures. Most importantly, the f~band
center of Ln-Ln DACs show relatively rare sensitivity to the electronic modulation by the
second Ln metals, confirming the limited modulation between f-f orbital interactions. Through
the difference between the d-band and f~-band has been quantified (Figure 7¢). The f-d orbital
coupling in DAC activates the electron transfer behaviors from d-orbitals of transition metals
to 4f-orbitals of Ln metals, which realizes the electronic self-balance effect to optimize the
valence and structural stability. Based on our theoretical calculations, we notice that the d-band-
center of TM atoms has been uplifted to a closer position to the Fermi level, which represents
the higher electroactivity with an improved electron transfer. The electrons in the d-orbitals of
TM atoms transfer to 4f orbitals of Ln atoms, which improves both the electroactivity of DAC
and the stability of TM metals on the surfaces. It is worth mentioning that the f~d couplings are
more preferred in light Ln (Ce to Eu) and heavy Ln metals (Er to Yb) due to their higher position
of 4f orbitals. In comparison, the middle Ln elements (Gd to Ho) show deep 4f orbitals, which
cannot activate the efficient electron transfer from TM to Ln, displaying very limited
modulations on the electronic structures. Therefore, the f~d orbital coupling is highly significant
to achieve a stable and efficient DAC in the future experimental synthesis. With the detailed
investigation of f~band center and f-d couplings, we not only explain the challenges of
synthesizing DAC but also propose the promising candidates of the hetero-coupling DAC for
future experiment targets. Combined with thermodynamic mapping, this work has supplied
important references to the future rational design of DACs with desired electroactivity and

durability.
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By considering the current thermodynamic results, we have identified Ln-based DACs are more
preferred than TM-TM based DACs, in which Sc-Pr, Y-Pr, Au-Sm, and Nd-Sm are the most
stable DACs for Ln-3d, Ln-4d, Ln-5d, and Ln-Ln DAC, respectively. Meanwhile, some other
combinations also show relatively low formation energies to support the promising synthesis in
the future. However, the most stable structures usually have to sacrifice the electroactivity of
the DAC. To screen out the most promising candidates, we have mainly compared the electronic
structures of all DACs To achieve a high electroactivity for electron transfer, the Ln-Ln
combinations are not suitable, which all show a d-band-center crossing the Fermi level. In
comparison, the Ln-TM DACs show a more appropriate d-band-center for electrocatalysis. In
particular, we have identified that Ln-Ni, Ln-Rh, Ln-Rh, Ln-Pd, Ln-Os, Ln-Ir and Ln-Pt DACs
have shown the suitable d-band-center, which locate within 1.0 eV to the Fermi level, to
guarantee different electrocatalysis processes. If we take into account the formation energies of
these DACs, the Co-Nd, Ni-Er, Ru-Pr, Rh-Pr, Pd-Nd, Os-Pr, Ir-Pr and Pt-Ho will be the most
potential candidates to achieve stable synthesis as well as high electroactivity in future
experiments. We think that this work supplies valuable references for future experiments in the

selection of optimal element combinations in DACs.

Although the theoretical calculations have explored both the thermodynamic stability and
electronic structures of the GDY-based DAC:s, the intrinsic origins that result in the difference
still need further investigation and study. As a powerful tool, the machine learning algorithm is
able to predict the potential properties as the rational design guidance for future experimental
synthesis. To verify the theoretical simulated results, we further introduce the machine learning
method based on the Gaussian Process Regression (GPR) algorithm to verify the results. The
GPR models have been designed to directly capture the model uncertainty by supplying a

distribution for the prediction value rather than one simple value. Meanwhile, the GPR method
15



performs matrices inversions with different kernel functions to define the prior knowledge and
specifications about the shape of the model, which often leads to the extremely large
computational time when accessing large training datasets. Therefore, for our relatively small
dataset (e.g. 990 combinations in this work), GPR is a powerful algorithm to identify significant
information and accurate prediction with limited input knowledge. In this work, we have

selected the Radial Basis Function (RBF) in the expression form as below.

) = TN 0 G(x — xy) (1)

Eq. (1) represents the interpolation of function f{x) with the known dataset xx, where the
function G is a radially symmetric function of its argument in the form of G(r) := ¢ (|r|). The
x is the vector of joint angles or other parameters describing the current pose of the skeleton

and xi is the pose of the k'™ example. wx represent the different weights of each vertex coefficient.

As the input data source, we have considered the fundamental physicochemical properties of
the metal atoms to predict the formation energies of the GDY-based DACs. We have compared
the prediction results of three types of different data input for the formation energies (Figure
8a-c). It is noted that most of the methods have all shown a high accuracy of the formation
energies, where the similar root-mean-square error (RMSE) near 0.16. The introduction of
additional parameters and the d-band does not further enhance the prediction, supporting that
the thermodynamic stability of DAC is more related to the fundamental parameters of the
anchoring metals. The electronic related properties show a limited contribution to the accuracy
of predictions. Notably, even the abnormal formation energies have shown highly close
predictions, supporting the pivotal role of the essential physicochemical properties in the
thermodynamic stability (Figure 8d-f). Compared with the TM-TM based DACs, most of the

deviation of prediction appear at the Ln-based DACs. Meanwhile, for the electronic structures,
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the predictions show reduced accuracies, in which the prediction difference becomes more
scattering with increased RMSE (Figure 8g-i). It is noted that the different parameter input
indeed results in varied accuracy. However, more input parameters do not generate the highest
accuracy. The method with 7 parameters input shows the smallest RMSE, which demonstrates
the consideration of thermodynamic stability is not required for realizing high accuracy
predictions. The decreases in input parameters evidently enlarge the deviation of predictions.
The predicted data of the d-band center has shown the general deviation in both TM- and Ln-
based DACs, which is different from the thermodynamic predictions (Figure 8j-1). These
results support that the overall prediction of the d-band center still needs further optimization
on the algorithm. The pure machine learning method based on the essential parameters cannot
fully reveal the interactions between d-d and f-d orbitals, which have displayed a significant
effect on the electronic environments. Therefore, these results demonstrate that the d-band
centers in DACs are not completely essential properties that rely on the intrinsic properties of
anchoring metals, in which some of the orbital couplings of metal/metal and metal/substrate

inevitably affect the d-band center as well as the electroactivity.

The GPR based machine learning results agree well with our DFT models, indicating that
thermodynamic properties are easily predicted while the electronic properties show much more
complicated contributions from different factors. We conclude that the deviated prediction of
the electronic structure is induced by the varied orbital interactions between dual metal sites, in
which the self-balanced SEM model plays a significant role in achieving the optimal electronic
environment of the DAC. The machine-learning based GPR technique have enabled the
feasibility of designing complicated multi-atomic catalysts with large amounts of combinations.

However, reliable theoretical calculation guided investigations are still needed, which
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compensate for the insufficiency of machine learning-driven studies, especially in revealing the

underlying interactions between the orbitals of the anchoring metals.

Conclusion

While atomic catalysts have existed in different forms and varied reactions, the fast
developments of experimental and characterization methods have sparked the recent research
interest in the further step of current SAC. Relying on the parallel theoretical calculations of
both the DFT and machine learning techniques, we propose the Ln-TM DAC systems as the
promising electrocatalyst candidates with expected high electroactivity and durability in the
long-term applications. Such performances are contributed by the electronic self-balance
mechanism between the long-range site-to-site f~d orbital interactions. Accordingly, the hetero-
coupling TM-TM DAC:s are not the optimal solutions to reach both the thermodynamic stability
and the electroactivity due to the d-d couplings. The GPR based prediction further confirm the
underlying f-d orbital interactions while the thermodynamic stability is dominated by the
intrinsic physicochemical properties. To surpass the limitation of the current SAC, our works
provide invaluable guidance and explicit direction towards the GDY-based DACs with high
experimental synthesis possibility and optimal electroactivity, which will also open up a new

avenue to investigate multi-atomic catalyst systems in future research.
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Figure 1. The schematic diagram of developments of the DAC. The different combinations of

metals lead to varied interactions and synthesis products.
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Figure 2. The formation energies of GDY based DACs between (a) 3d-3d, (b) 4d-4d and (c¢)

5d-5d TM combinations. The formation energies of GDY based DACs by different TM

combinations of (d) 3d-4d, (e) 3d-5d, and (f) 4d-5d. The formation energies of GDY based

DACs by TM and Ln metal combinations of (g) Ln-3d, (h) Ln-4d, and (i) Ln-5d.

22



Fourier Transfer of Energy

o

A 3d
sl

—_ .

:i LY eulcndg ;n“ Sttt gt
< 4d
S

o Lo A . . .

o [l ..-AA“J-“W?«»“J’W.a.fe"w_i‘w.*«mw".m«--vw«:“uﬂ..f'«
: B U T T T
£ 5d
S Lk fa s

E m‘"‘&‘-j Yot "-ﬂ?‘.!\f’-.,.r‘.f ’vf"v«»}‘w“’a,..-‘r.‘*..-mnﬁfu"'d*‘u‘—-.m..f«m,rua“-“ fuore
< Ln

6] ¢ 3d-3d ¢ 4d-4d - 5d-5d
e 3d-4d =+ 3d-5d -+ 4d-5d
-8 * Ln3d ¢ Ln4d ¢ Ln-5d °* Ln-Ln

0.0 0.1 0.2 0.3 0.4 0.5

e e TRy,

T T 1 T T T T T 1 T T I T 1 T T T 1 T T T 1 T T T T T T T T 1 T T T 1 T I T 1 T I 1 1 T

ScTi V CrMnFeCoNiCuZn Y ZrNbMoTcRuRhPdAgCdHf Ta W ReOs Ir Pt AuHgLaCe PrNdPnBmEuGdTbDyHo ErTmYbLu

Figure 3. (a) The formation energy demonstration of all the GDY-based DACs combinations,
including 990 models. Apparently, the combination of TM and Ln significantly lowers the
formation energies. (b) The Fourier transfer of formation energies of different groups. Noted,
the evident peak at 0.03, 0.05, and 0.09 gradually disappear from 3d-based DACs to Ln-based
DAC:s. (¢) The box plots of metal combinations of each TM and Ln, which mainly indicates the

distribution range of the formation energies and their variation range.
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Figure 4. (a) The formation energy mappings of all the GDY-based DAC combinations,
including 990 models. (b) The stabilization energy mappings of all the GDY-based DAC
combinations. The stabilization energies are calculated by the energy comparison between the
DAC and two individual SACs. (¢) The anchoring energy mappings of all the GDY-based
DACs combinations, which is equal to the energy requirement of anchoring the second metal.
(d) The mappings of the energy difference between the hetero-coupling DACs and homo-

coupling DACs, indicating the TM-TM combinations are highly unstable for experimental

synthesis.
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Figure 5. The d-band center mapping of all GDY based DACs. The upper figure demonstrates
the d-band center variation trend including 3d-(3d, 4d, 5d), 3d-Ln, 4d-(3d, 4d, 5d), 4d-Ln, 5d-
(3d, 4d, 5d) and 5d-Ln DACs. The bottom figure demonstrates the d-band center variation of
Ln-Ln DACs. Based on the different combinations between Ln metals, the figure has been

separated into 14 different groups.
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obtained by the d-band center comparison between the DAC and the SAC of the left column
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Figure 7. (a) The f~band mapping for all the Ln based DACs. (b) The mapping of f~band
difference for all the Ln based DACs. Each data is obtained by the f-band center comparison
between the DAC and the SAC of the left column metals. (¢) The mapping of f/d band center
difference. The data is calculated by the position difference of f-band center and d-band center

in the DAC.
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Figure 8. The comparison and scattering plot of GPR model predicted data and original data of
the formation energy of Figure 3a. (a,b) Prediction based on 7 intrinsic parameters and d-band
center. (c,d) Prediction based on 5 intrinsic parameters and d-band center. (e,f) Prediction based
on 5 intrinsic parameters. The energy is mostly based on the intrinsic parameters of the material.
Too many parameters and d-band cannot improve prediction accuracy. The comparison and

scattering plot of GPR model predicted data and original data of d-band in Figure 5. (g,h)
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Prediction based on 7 intrinsic parameters and energy. (i,j) Prediction based on 7 intrinsic

parameters. (e,f) Prediction based on 5 intrinsic parameters.

The explorations of dual atomic catalysts are emerging in the electrocatalysts. This work has
mapped out all the combinations between transition and lanthanide metals regarding both
stability and electroactivity. The introduction of machine learning technique has further
confirmed the complicated interactions between anchoring metals and graphdiyne support. This
work provides significant references for the future synthesis of dual atomic catalysts.
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