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Abstract
The majority of computational catalyst design focuses on the screening of material components
and alloy composition to optimize selectivity and activity for a given reaction. However, predicting
the metastability of the alloy catalyst surface at realistic operating conditions requires an extensive
sampling of possible surface reconstructions and their associated kinetic pathways. We present
CatGym, a deep reinforcement learning (DRL) environment for predicting the thermal surface
reconstruction pathways and their associated kinetic barriers in crystalline solids under reaction
conditions. The DRL agent iteratively changes the positions of atoms in the near-surface region to
generate kinetic pathways to accessible local minima involving changes in the surface
compositions. We showcase our agent by predicting the surface reconstruction pathways of a
ternary Ni3Pd3Au2(111) alloy catalyst. Our results show that the DRL agent can not only explore
more diverse surface compositions than the conventional minima hopping method, but also
generate the kinetic surface reconstruction pathways. We further demonstrate that the kinetic
pathway to a global minimum energy surface composition and its associated transition state
predicted by our agent is in good agreement with the minimum energy path predicted by nudged
elastic band calculations.

1. Introduction

The performance of a heterogeneous catalyst depends on the catalyst’s surface composition and structure.
The discovery of novel robust catalysts for a given reaction is often achieved via surface engineering of
existing catalysts. Significant attention has been drawn towards the design and development of alloy catalysts,
as the synergistic effects of alloying two or more metals can provide catalytic activity, selectivity, and stability
superior to their pure component counterparts [1–3]. Furthermore, alloying noble metal catalysts (Pt, Pd,
Ag, Au, etc) with low cost, highly abundant metals (Ni, Cu, Sn, Co, etc) can function to reduce the catalyst
cost in scaling up industrial level operations. The design of these catalysts is complicated by dynamic
transformations of the multi-metallic atomic environment. Often, the reconstruction of a catalyst’s surface
causes the real surface structure to differ from that predicted simply by cleaving the bulk crystals along a
given plane. In alloy catalysts, segregation can result in the surface enrichment or depletion of one or more
components in an effort to minimize the surface free energy and reduce lattice strain. Lateral rearrangements
can cause a change in the surface layer periodicity. The simultaneous compositional evolution and lateral
rearrangement of an alloy catalyst’s surface play a critical role in determining the performance of a catalyst.

Predictions of the surface composition of alloy catalysts commonly employ thermodynamic arguments,
however, kinetic information is a prerequisite for predicting metastable states that have no
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kinetically-feasible nearby local minima due to the high kinetic barriers or high transition state energies.
Under reaction conditions, changes in temperature or pressure can cause a change in the stability of the
initial thermodynamic equilibrium. The ability of a catalyst to realize the new equilibrium or new local
minimum surface composition under these conditions is dictated by the barriers along the kinetic
reconstruction pathways. A study of the pathway that describes the evolution of the multi-metallic catalyst
surface at reaction conditions is thus necessary to understand the catalytic mechanism at the atomic scale as
well as to tune the catalyst’s activity and selectivity by controlling the surface reconstruction processes.

The structural transformation of catalyst surfaces has been widely studied from in-situ spectroscopic
techniques such as in-situ x-ray diffraction (XRD), in-situ x-ray absorption spectroscopy (XAS), in-situ x-ray
photoelectron spectroscopy (XPS) and in-situ infrared spectroscopy [4–11]. Other experimental techniques
include in-situ scanning probe microscopy (SPM), in-situ scanning tunneling microscopy (STM), in-situ
atomic force microscopy (AFM), and transmission electron microscopy (TEM) [12–20]. Due to the
prohibitive size of the design space, physical limitations, and experimental costs many studies have focused
on few discrete temperatures and alloy compositions, limiting the size of the design space explorable by these
techniques.

Rapid growth in the design of high performance supercomputing resources coupled with the
development of modern computational methodologies primarily based on density functional theory (DFT)
now complement the traditional trial and error experimental approaches to the discovery of novel materials
for various catalytic applications. Computational approaches can accelerate the catalyst discovery efforts by
screening component and composition spaces to eliminate material candidates with low activity and
selectivity before performing experimental measurements. However, the search for both stable and
high-efficient multi-metallic catalysts for a specific reaction through computational catalytic design is still a
Herculean task dramatically increasing in complexity and computational cost with the number of alloy
components. Moreover, material screening calculations relying on equilibrium properties ignore the
possibility of surface reconstruction. The prediction of a specific surface reconstruction is a complicated
process involving many structural evaluations along a hypothesized reconstruction pathway. Such an exercise
may require hundreds to thousands of cpu-hours to evaluate only a single pathway of all possible surface
reconstructions. Therefore, a robust exploration of the reconstruction pathways requires a technique capable
of creatively generating reconstruction pathways because most of the current computational efforts in
heterogeneous catalysis avoid the comprehensive exploration of reconstruction pathways required to identify
metastable states.

With recent advances in machine learning (ML), researchers have successfully applied ML techniques in
the prediction of materials properties [21–25], relaxed structures [26], and alloy properties [27–29], but have
yet to predict phenomena on the timescales of surface reconstruction pathways needed to identify metastable
states. This is still an extremely challenging problem for the supervised ML models that are commonly used
for the direct prediction of the structure/property relationships as the identification of the metastable
structures require not only the property labels, but also the information about various kinetic pathways that
lead to the changes in the alloy catalyst structure and properties. ML has also established atomistic force field
methods using a potential energy surface (PES) fitted to a set of DFT samples in the materials search space
[30–35]. However, the residual force errors in the fitted force field often result in structures differing from the
true equilibrium states, or worse, lead to non-physical configurations. Furthermore, generating a huge
amount of DFT samples throughout the energy pathways for accurate force field predictions while
considering all possible catalyst surface reconstructions at a specific reaction condition is infeasible. Despite
the considerable excitement about these ML methods, identifying metastable catalyst surfaces still remains
untapped due to its highly complex design space.

To deal with the complexity issue, an alternative approach called deep reinforcement learning (DRL) that
is capable of traversing the compositional space more efficiently has been employed. Reinforcement learning
(RL) is a subfield of machine learning where a decision maker or an agent learns strategies to solve an
optimization problem by iteratively interacting with an environment. DRL involves applying deep neural
network in RL frameworks to generalize complex problems. Recent applications of RL in optimizing
molecular structures [36–39] and chemical reaction pathways [40] have demonstrated its ability to tackle
complex molecular design problems.

In this work, we introduce a new framework for predicting the kinetic energy pathways to the catalyst
surface segregation under reaction conditions by combining DRL with the domain knowledge of catalysis.
For a given catalyst surface, a DRL agent repeatedly attempts to explore nearby local minima with changed
surface compositions, and the exploration process is evaluated based on the properties of the local minima
and the transition states the agent discovered. In this way, the agent iteratively builds up the knowledge that
can generate the kinetic pathways to the accessible surface transformations at a given reaction temperature,
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and thus it can be further used to identify metastable catalyst surfaces. The new framework is called CatGym,
the first open RL environment developed for reconstruction kinetics.

We showcase our framework with a demonstration of surface segregation kinetics for a ternary
Ni3Pd3Au2(111) alloy catalyst. Pd and Pd-based catalysts are of great industrial importance, being used as
hydrogen purification membranes and as a catalyst for the hydrogen evolution reaction (HER), oxygen
reduction reaction (ORR), and ethanol oxidation reaction (EOR). In particular, NiPdAu catalysts are useful
in hydrogen generation for fuel cells via the catalytic dehydrogenation of formic acid, as well as in the EOR in
direct ethanol fuel cells [41, 42]. Researchers have found that the addition of one or more components can
increase the activity of Pd-based catalysts, improve resistance to poisoning, and prevent the hydrogen
embrittlement brought on by the metal/hydride phase transition [43–49]. Ternary Pd-based alloys have
attracted significant attention as the addition of two components allows greater tuning of electrical and
structural properties as compared to their binary counterparts. By predicting surface reconstructions and
their associated activation barriers, CatGym can aid in the discovery of complex and novel multicomponent
catalysts.

2. Methods

2.1. Reinforcement learning background
RL is a class of artificial intelligence which aims at training an artificial agent by actively interacting with the
environment [50]. Following the Markov decision process (MDP), at each timestep t, the RL agent chooses
an action at from the action spaceA, given the current state st from state space S . The environment returns a
reward, rt , as the feedback for the state action pair (st,at). The policy πt is a mapping from the state space S
to the action spaceA, namely how the agent decides the action at each timestep. An episode will be
terminated once the agent achieves the goal state sg or the number of steps reaches the set maximal. The goal

of the RL agent is to learn the policy which maximizes the cumulative return Rt =
∑T

t γ
t−1rt, where γ is the

discount factor which adjust the importance of future reward and T is the length of the episode. During
training, the RL agent optimizes the policy πt sequentially as it actively interacts with the environment.
Recently, combination of RL and Deep Learning has made it possible to tackle the problems in very high
dimensional space. One of the main drawbacks of RL is its inability to resolve the curse of dimensionality.
Deep neural networks, can be used to approximate the value function in reinforcement learning. Benefiting
from both reinforcement learning and deep learning, DRL has seen astonishing advancement in various
fields, including superhuman-level video game control [51, 52], GO playing [53], robotics control [54–56],
and chemical compound design [57–59].

2.2. Actor-critic TRPO
To efficiently optimize the policy in DRL, an actor-critic algorithm [60–62] is proposed which contains two
networks: an actor network which determines actions based on a given state embedding, and a critic network
which evaluates how good the chosen action is (by estimating the cumulative return). In our work, we train
an actor-critic network within the customized framework (figure 1(a)). We implement trust region policy
optimization (TRPO)[55], an actor-critic network which has been prevalent in various RL applications.
TRPO is effective for optimizing neural network based policies and guarantees monotonic improvement on
each update. To this end, we utilize parameterized action space [63, 64], which consists of hierarchical
sub-actor networks to decompose the action space.

2.3. State representation
The state space S is a set of state observations that describes quantified abstraction of the perceived
environment. Training an agent that discovers possible surface segregation requires representations for each
of the atoms in the near-surface region that can capture dynamically changing local chemical environment.
To meet such a requirement, we employ atomic symmetry functions [65] and atomic positions of the free
atoms near the surface to efficiently encode the elemental and spatial atomic information. In addition, we
provide properties of the surface structure such as energies and forces, so that the agent can understand how
the changes in the configurations affect their properties. Finally, we also encode a binary vector that tells
whether the agent has found transition states in each episode. These five state observations are then
processed through the distinct multi-layer perceptrons and combined to create an embedding of states that
are fed to the actor network.

2.4. Action space
The action spaceA is a set of actions that the agent can perform to interact with the environment. In general,
the action space is designed to be either discrete or continuous based on the reinforcement learning problem
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Figure 1. (a) Overview of CatGym framework. At each timestep t, the state space st consists of features of surface structure ct ,
including its current energy, fingerprint, and atom coordinates. The state space along with reward rt , which is calculated by critic
network based on current energy, are fed into the actor network, and the actor network decides which action to take. The action
will modify ct to new surface structure ct+1. This process repeats until the episode is over. (b) Four types of action the actor can
choose and their corresponding effects on the energy. If the agent choose to move an atom, it has to further pick which atom to
move and the distance (within the range of−0.1 Å to 0.1 Å) in the x, y and z direction. (c) Evolution of the reconstruction
pathways to a minimum configuration generated by DRL agent trained with CatGym.∆E represents the relative energy of the
catalyst structure at each timestep with respect to the initial state energy.

and the algorithm used for solving it. In this work, we formulate a hierarchical hybrid discrete-continuous

action space (figure 1(b)), in which each action at = (a(1)t ,a(2)t ,a(3)t ) comprises

• a(1) ∈ {1,2,3,4} selects an action from the four different possible actions,

(a) moving individual atoms by a fixed distance towards a direction,
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(b) finding a nearby transition state with a saddle point solver,
(c) triggering a local energy relaxation to minimize the current structure,
(d) performing short molecular dynamics simulations to perturb the free atoms at a specified reaction

temperature.

• a(2) ∈ {1, . . .,N} chooses one of the N free atoms on the top two surface layers to move if a(1) = 1.
• a(3) ∈ {(x,y,z)| − 0.1⩽ x,y,z⩽ 0.1} that specifies the distances to move the free atom chosen by a(2) in x,
y, and z directions, respectively.

We use Sella [66] as a saddle point solver for finding nearby first order saddle points (a(1) = 2). The
energy relaxation uses the BFGS optimizer implemented in atomic simulation environment (ASE) [67] to
find nearby local minima (a(1) = 3), and the MD simulations (a(1) = 4) use Langevin dynamics at constant
temperature implemented in ASE as well.

At each timestep, the agent decides how to change the structure of the catalyst surface in order to
eventually generate a sequence of actions that leads to the exploration of new local minima with different
surface compositions. Figure 1(c) illustrates how the sequence of actions can become the reconstruction
pathway to a specific minimum configuration. We note that distinct configurations at different timesteps
may end up with the same transition states or the same local minima after performing the saddle point solver
or the relaxation. The relative energies (∆E) between timesteps 0 and 40 in ‘Pathway 1’ plot in figure 1(c)
shows that several saddle point search (orange) and relaxation (green) actions lead to the local minima
previously visited. This greatly slows down the exploration process by repeatedly leading the agent to the
same states. To mitigate the issue, we introduce short MD simulations in our action space so that the agent
can more effectively escape from the current minimum or transition state and traverse the potential energy
surface. Long enough MD simulations alone might be able to explore new minimum states, but the limited
time scale and computing resources make it infeasible. Instead, the agent in our method can decide when one
of the other actions is better to explore nearby local minima by learning from its interaction with the
CatGym environment.

2.5. Reward function
The reward function is designed on the basis of chemical properties of the surface structure. If the agent
identifies a transition state at any time during each episode, the agent is rewarded by,

r(st,at) =
1

∆Etrans
, (1)

where∆Etrans is the relative energy of the transition state to the energy of the initial state. In addition, after
the completion of each episode (t=T), the agent is rewarded based on whether it discovers a pathway to a
state with a changed surface composition. When the agent successfully observes kinetically feasible surface
segregation from the initial surface, it is rewarded by,

r(sT,aT) = exp

(
− ∆E

kBTr

)
, (2)

where kB denotes the Boltzmann constant, Tr is a reaction temperature, and∆E is the potential energy of the
final (t=T) state relative to the initial state (t= 0). These rewards aim at encouraging the agent to explore
both the lower transition states and the nearby local minima resulted from surface segregation. The
traversability of the transition state is also taken into consideration when evaluating the generated pathway.
The higher the transition state energy is, the more difficult the surface segregation to be realized at a given
temperature. Therefore, when the agent yields a high energy states that exceeds a predefined upper energy
bound (3kBTr in our case), the episode is terminated and it is penalized by,

r(sT,aT) =
∆E

kBTr
. (3)

Intuitively, the agent is instructed to find a reconstruction pathway, ideally one leads to a new state with
thermodynamically more stable surface composition (∆E< 0) through a low energy barrier (∆Etrans). The
potential energies can be calculated using accurate quantum chemistry simulations such as DFT, however,
evaluating a large number of trial configurations is computationally expensive. Instead, we avoid this cost by
employing fast effective medium theory (EMT) [68–70] to estimate the energies.
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2.6. Experiments
To demonstrate the capability of our proposed DRL framework, we conduct experiments to generate surface
reconstruction pathways for a 2× 2× 4 Ni3Pd3Au2(111) alloy catalyst at a specific reaction temperature
(1200 K). The top surface layer in the initial Ni-Pd-Au catalyst has a Ni:Pd:Au composition of 1:2:1 and the
second layer has a composition of 2:1:1 corresponding to a total of 3 Ni, 3 Pd, and 2 Au in eight lattice
positions in the unit cell as shown in figure 2(a). Atoms in the top two layers are free to move, while atoms in
the bottom two layers are considered as bulk atoms and are fixed.

We set up the DRL environment under the OpenAI Gym framework [71] and use Tensorforce [72] DRL
package to run the experiments. We utilize parallel environment execution to perform multiple experiments
running with the same initial conditions. These parallel experiments share the agent and all other model
parameters. In each episode, the agent is asked to generate a sequence of at most 500 actions with the aim of
exploring the nearby local and global minima with changed surface compositions while finding the
minimum energy pathways to these minima. We utilize the EMT potentials for energy and force evaluations
for all kinds of actions.

2.7. Surface optimization baseline
We use a brute force method and a minima hopping (MH) simulation method [73] for locating local and
global minimum surface configurations for the Ni-Pd-Au ternary system. In the brute force method, we
considered all the possible arrangements of lattice atoms in the unit cell by performing a distinct
permutational method in the top two surface layers. Permutation of 3 Ni, 3 Pd, and 2 Au atoms in the eight
lattice positions in the top layers leads to a total of 560 distinct arrangements. We assume that this approach
would span all possible local minima that arises from the movement of free atoms in the top two surface
layers.

MH is an efficient search method employed for locating the global minimum for systems with highly
complex PES. For instance, MH method has been applied to determine the structure of the reconstructed
chalcopyrite surfaces [74] and metastable decorate borospherene B40 [75]. The MHmethod avoids revisiting
known parts of the configuration space by utilizing a feedback mechanism based on simulation history
which in turn accelerates and enforces the exploration of the new regions in the configurational space. The
MH algorithm consists of an inner part that performs the moves on the PES employing molecular dynamics
(MD) followed by the relaxation of the current minimum and an outer part which determines the acceptance
or rejection of a new minimum. See figure S1 in supplementary information (available online at
stacks.iop.org/MLST/2/045018/mmedia) for more details about MH simulation used in the present study.

3. Results and discussion

3.1. Baseline surface configurations
Using the brute force approach, we have found the global minimum at a relative energy of –0.23 eV with
respect to the initial configuration. The minimum has a 0:2:2 composition of Ni, Pd and Au on the top
surface layer in the unit cell as shown in figure 2(b). Moreover, several configurations with the same
compositions; however, with slightly different arrangement of atoms in the top two layers were identified
within the relative energy range of –0.23 to –0.19 eV and can be considered as a group of global minima
energy configurations. Followed by this, we have identified a group of the second-lowest energy
configurations with Ni:Pd:Au composition of 0:3:1 in the top surface layer (figure 2(c)) with different
configurational orientations in the relative energy range of –0.18 to –0.16 eV. A group of the third-lowest
energy configurations starts at –0.11 to –0.07 eV energy range and consists of Ni:Pd:Au composition of 1:1:2
on the surface layer as illustrated in figure 2(d). The minima configurations with negative relative energies
consistently find surface enrichment of Au and/or Pd with respect to the initial configuration. This
observation can be rationalized by arguments for segregation primarily driven by differences in the pure
component surface energies. Estimates of the surface energies (γi) for each of Au, Pd, and Ni elements
indicate γAu<γPd<γNi [76]. Thus we find a global minimum in which all free (non-fixed) Au atoms
segregate to the surface and a nearby local minimum in which Pd fully replaces Ni in the surface. These
findings are qualitatively in agreement with experimental studies of segregation in binary alloys: Au is
favored over Pd [77–79], Pd is favored over Ni [80–82], and Au is favored over Ni [83–85] in the surface
layer. To reaffirm, we also located the configuration with the highest energy (i.e global maximum) which has
a Ni:Pd:Au composition of 3:1:0 in the surface layer (figure 2(e)) with an relative energy of 0.81 eV. In fact,
the global maximum configuration corresponds to the reversal of the top two layers in the global minimum
configuration.

For a direct comparison with the our DRL model, we have used MH as a standard baseline approach for
the local and global minimum search. We found the global minimum configuration with an relative energy
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Figure 2. Configurations of the Ni(green)-Pd(blue)-Au(yellow) ternary catalyst. (a) Initial catalyst structure, (b)–(e) global
minimum, second and third lowest energy configurations, and global maximum configuration obtained via brute-force method,
respectively; and (f) global minimum configuration obtained via minima hopping (MH) method. Atoms in the bottom two layers
with crosses represent fixed atoms that are constrained from moving.

Figure 3. Average reward vs. episode across ten different seeds. Red line represents the average reward, and the blue shadow
represents the standard deviation.

of−0.23 eV (figure 2(f)) in the MH simulation. The global minimum configuration obtained via MH
simulation shows similar segregation of Pd and Au onto the top layer with 0:2:2 composition of Ni, Pd, and
Au on the surface layer. However, they differ in their configurational orientations of the atoms in the top two
layers. Like brute-force permutation method, MH method also found many similar configurations of 0:2:2
composition of Ni, Pd, and Au in the top layer with different arrangements with similar energies and can be
collectively grouped into a cluster of global minimum configurations.

3.2. DRL training summary
The DRL agent was trained with 10 different seeds by interacting with the CatGym environment. In figure 3,
the averaged episodic reward collected during the training process is represented by the red curve, and the
standard deviation of the rewards in ten training is represented by blue shadow. The reward at the initial
stage of training (<5000 episodes) is low and the policy is noisy because the agent is instructed to explore
and has not yet learned to discover surface reconstruction pathway without exceeding the upper energy
bound that results in negative rewards. After approximately 8000 episodes of training, the agent starts to
receive stable positive reward between 0 and 1. The converged positive reward indicate that the agent has
learned a stable policy to discover surface reconstruction pathways that lead to different surface compositions
while ensuring the traversability of transition state by not exceeding the upper energy bound.

3.3. Surface configuration exploration
First, we performed principal component analysis (PCA) on the minima configurations generated by the
brute-force permutation method to determine the reduced dimensional space that captures the most
structural variance in the all possible minima configurations. Each of the configurations is represented by a
combined atomic fingerprints of the atoms in the top two layers. We then projected the minima
configurations onto the reduced dimensional space using the first two principal components as shown in
figure S2 in the supplementary information. On the same plot, we also drew the boundaries of clusters
determined by the K-means algorithm. We used 16 clusters to partition the configurations plotted in the
reduced dimensional space based on their structural representations and properties.

To compare the diversity of the Ni–Pd–Au catalyst surface configurations of local minima explored by
our DRL method and the baseline MHmethods, we projected these configurations onto the pre-determined
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Figure 4. Projection of Ni–Pd–Au configurations identified by (a) MH and (b) DRL method in the reduced dimensional space
using the first two principal components that capture the most structural variance in the all possible surface arrangements.
Numbers in red indicate unique clusters determined by Kmeans. Boundaries between the clusters are drawn using sold lines.
(c) Example Ni(green)–Pd(blue)–Au(yellow) configurations for each of the clusters explored by DRL method, clusters 0, 1, 2, 5, 6,
7, 8, 9, and 10. Average relative energies (∆E) of transition states (blue) and minima (black) for each of the clusters are labeled
below the cluster numbers (red).

reduced dimensional space mentioned above. Figure 4(a) shows that the MHmethod could explore surface
configurations corresponding to only two different minima clusters, clusters 2 and 5, where Ni:Pd:Au
compositions of 0:2:2 and 1:1:2 on the top surface layer were found, respectively. Based on the brute-force
permutational analysis, cluster 2 is one of the global minima clusters (figure 2(a)) and cluster 5 is one of the
clusters with configurations in the third-lowest energy group (figure 2(c)). On the other hand, CatGym
could explore more diverse surface configurations found in eight different minima clusters as shown in
figure 4(b). Figure 4(c) shows example Ni-Pd-Au configurations in the eight different clusters visited by the
DRL agent with diverse Ni:Pd:Au compositions: 0:2:2, 1:1:2, 0:3:1, 1:2:1, 2:1:1, 1:3:0, and 2:2:0. We note that
the same Ni:Pd:Au composition can be found in different nearby clusters with different surface orientations,
such as clusters 8 and 9 with 2:2:0 compositions, and clusters 6 and 10 with 2:1:1 compositions. We also
notice that our DRL agent was unable to explore other local minima that are not nearby. In figure 4(b),
clusters distant from the initial structure in cluster 0 were not identified by the DRL method in this
experiment. Those undiscovered clusters include different surface orientations of global minima (cluster 3),
second-lowest minima (cluster 4), global maxima (cluster 15), and several other configurations with surface
Ni:Pd:Au compositions of 2:1:1 (cluster 11 and 12), 2:0:2 (cluster 13), 3:0:1 (cluster 14) based on figure S2.

3.4. Reconstruction pathway and transition state
In addition to the diverse local minima configurations, our DRL method can generate reconstruction
pathways to the explored minima with different surface compositions and can provide the structure and
properties of not only the minima configurations, but also the transition states, thereby enabling the
identification of metastable catalyst surfaces. We note that MH cannot determine the metastability of the
catalyst surface because this method does not provide kinetic information about the pathways to the minima
it explores. A reconstruction pathway from the initial state to the global minimum state in figure 5(a)
demonstrates that the DRL method can creatively generate a sequence of actions to explore the global
minimum. The transition state energy or the highest energy barrier in this pathway was determined as
1.56 eV above the energy of the initial state. In figure 4(c), using the same analysis, we show the average
transition state energies for all local minima within each of the clusters in the PCA plot (figure 4(b)). We
noticed that the transition state energies systematically increase as the relative energies of their final
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Figure 5. (a) An example energy pathway to a global minimum developed by DRL method. Each data point represents the relative
energy∆E of an Ni–Pd–Au configuration generated after taking a certain action at each timestep. (b) A minimum energy
pathway, created by NEB, to the same global minimum. (c) Ni(green)–Pd(blue)–Au(yellow) configurations of the initial state,
transitions states built by DRL method and NEB, and the global minimum.

minimum states increase. For a cluster of global minimum configurations (cluster 2), the average transition
state energy is determined as 1.56 eV while the average transition state energies for clusters of the highest
energy states (clusters 8 and 9) explored by our DRL method are in a range of 1.95 eV to 1.99 eV. More
example pathways to other local minima can be found in figure S3 in the supplementary information.

3.5. Transition state verification
We further performed nudged elastic band (NEB) [86, 87] calculations to verify the structure and energy of
the transition state in the path to the global minimum. NEB is a method for finding saddle points and
minimum energy paths between known initial and final states, which are in this work the same initial
structure and the global minimum state discovered by our DRL method. We extracted the intermediate
configurations from the reconstruction pathway developed by the DRL method (configurations at timesteps
from 1 to 8 in figure 5(a)), and used them as the intermediate configurations along the minimum energy
path in the NEB calculation. In figure 5(a), the agent discovered a transition state to the global minimum at
timestep 7, and then performed a local relaxation to achieve the global minimum at timestep 9. Figure 5(b)
shows the minimum energy path constructed by NEB between the same initial state and the same global
minimum state. The energy barrier in this minimum path is 1.54 eV, which is very close to the one (1.56 eV)
estimated by the DRL method. Further, figure 5(c) visually verifies that the structures of the transition states
identified by both the DRL method and NEB are close to each other. Both DRL and NEB find transition
states in which one of the Pd (blue) atoms vacate the surface layer. This vacancy then facilitates the swapping
of a surface Ni (green) and a subsurface Au (yellow) atom, followed by the return of Pd atom down to the
surface to fill the vacancy, thereby resulting in the global minimum configuration with Ni:Pd:Au
composition of 0:2:2 for the top surface layer.

4. Conclusion

In this work, we present CatGym DRL environment for studying kinetic arguments of catalyst surface
segregation under reaction conditions. We aim at exploring possible surface segregation phenomena and the
associated transition states to address the challenge in predicting catalyst metastability. For a given catalyst
surface, the DRL agent iteratively alters the positions of atoms and learns strategies for generating kinetic
pathways to nearby local minima with different surface compositions resulted from surface segregation.
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Trained with the TRPO algorithm and a ternary Ni3Pd3Au2(111) alloy catalyst, the agent in our CatGym
environment not only explores more diverse local and global minima configurations compared to the
baseline MHmethod, but also generates kinetic pathways to those configurations. We also verify that the
reconstruction pathway to the global minimum surface configuration generated by the DRL agent is in a
good agreement with the minimum energy path calculated using NEB. CatGym is the first general DRL
approach towards the design of metastable catalysts under reaction conditions. This approach can be
extended to other systems of interest possibly containing different catalyst surfaces with varying unit cell
sizes, metals, oxides, and adsorbates with only a few minor modifications.
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