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Additional details of DFT calculations
All DFT structural optimizations and energy calculations were performed using the CP2K package.1 In single-point
calculations for generating a large-scale training set, the magnetization used in the atomic initial guess was assigned
to the C, N, O, and H elements as follows: 0.6, 1, 0.6, and 0.6, respectively. Notably, specifying an appropriate initial
magnetization for the Ru atom significantly improved the convergence of energy for the current systems. An initial
magnetization of 5 for Ru worked for most of structures; however, for some configurations involved in the target
reactions R1 and R2, an initial magnetization of 3 was set up for Ru to improve the convergency.

Additional details of CHE model calculations
In the free energy calculations using the CHE model,2 the needed frequency information of the optimized structures
are obtained by allowing the atoms of adsorbate species to relax with the catalyst fixed at their optimized geometries.
For the frequency calculations of small gas molecules, like N2 and H2, all atoms are allowed to move freely.
Thermodynamic quantities are calculated at 300 K and an atmospheric pressure. For adsorbate species, only
vibrational contributions are considered in the thermodynamic calculations; however, for gas-phase small molecules,
contributions from translational, rotational, and vibrational modes are taken into account. The results of energy and
the corresponding Gibbs free energy correction (Δ𝐺corr) are listed in Tab. S1. The asterisk (*) indicates that the
species after the asterisk is adsorbed on the Ru-N4-C catalyst.

Table S1: The energy 𝐸 and the corresponding Gibbs free energy correction (Δ𝐺corr) calculated for some key species.
structure 𝐸 (Hartree) Δ𝐺corr (Hartree)

Ru-N4-C (*) -441.990732 -
*NN -461.944473 0.004642

*NNH -462.490794 0.013726
*H -442.609409 0.00674
H2 -1.1619256 0.000031
N2 -19.895060 -0.013135

Additional details of DP model training
The DP model was trained following the active-learning approach of Zhang et al.3–5 The descriptor of “se_e2_a” is
used where the embedding net size is set to [25, 50, 100] per layer and the non-linear activation function between
hidden layers is "tanh". The submatrix size in the embedding net is set to 16. A neighbor atom cutoff radius of 6.0 Å
with smoothing beginning at 0.5 Å is used. The fitting net is connected after the embedding net, with a size of [240,
240, 240] per layer and the non-linear activation function between hidden layers is "tanh".

The primary dataset was generated by DP Generator (DP-GEN).6 The initial structures that initiated the DP-GEN
workflow were obtained through short-time molecular dynamics simulations. After accumulating approximately
3000 data points, we introduced enhanced sampling to the dynamics section of the DP-GEN workflow. We first
focused on enhanced sampling for reaction R3, and as a result, a total of approximately 9000 structures with
explicit solvent models were obtained during this phase of the DP-GEN workflow. Subsequently, we expanded the
dataset by enhanced sampling molecular dynamics simulations for reactions R1 and R2. Ultimately, we obtained a
comprehensive training set comprising 20,266 structures, including those representing the three distinct reactions. In
the DP-GEN workflow, the training steps amounted to 500,000 iterations with a learning rate ranging from 10−3 to
10−8. For the final model used in accuracy testing and subsequent applications, we trained it for 2,000,000 iterations.

Additional details of DP model validation
RDF
The Radial Distribution Functions (RDF) of atomic pairs in the water environment of *NNH species were obtained
by statistical analysis of the 1 ps trajectory simulations of AIMD (PBE+D3)7–9 and DPMD at 300 K in an NVT
ensemble. Both simulations were initiated from an identical structure and propagated without any enhanced sampling
techniques. A time step of 0.5 fs was employed, resulting in a total of 2000 steps.
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Notably, this 1 ps duration is insufficient for the system to reach full equilibration, especially for atom pairs with
strong interactions and low numbers, such as Ntop-H. Therefore, this analysis focuses exclusively on the distributions
of relatively abundant atom pairs, namely O-O, O-H, and H-H.

Energy and Force
The test set for the DP model contained three groups, which included configurations corresponding to three different
reactions, respectively: Nitrogen adsorption on the catalyst (R1); Proton adsorption on the catalyst (R2); First
hydrogenation step (R3) of nitrogen reduction reaction. For each group, configurations were taken every 1 ps over a 1
ns enhanced-sampling DPMD trajectory of the corresponding reaction at 300 K in an NVT ensemble. It is worth
mentioning that for R2, some configurations collected in the aforementioned way were located at a very large 𝑠𝑑 ,
which were far from the region of interest. Consequently, all configurations with 𝑠𝑑 greater than 12 were manually
excluded.

The resulting test set groups for R1, R2, and R3 comprise 835, 752, and 934 structures, respectively. For each
structure in the test set, the single-point DFT calculation was performed and the obtained energies and forces were
taken as references. The DP model performs well on the test set as we present in the main text.

Additional details of collective variables
The adsorption processes of H2O and N2 on the catalyst surface were described by 𝑑𝑂min and 𝑑𝑁mean, respectively.
They are implemented in the following ways:

𝑑𝑂min =
𝛽

log
∑

𝑖 exp
(
𝛽

𝑠𝑖

) (S1)

𝑑𝑁mean =

∑2
𝑖 𝑑 (Ru − N𝑖)

2
(S2)

The Voronoi CVs are used to describe the protonation states of atoms within a system.10–12 Space is divided into
Voronoi polyhedra, in which each hydrogen atom is assigned to a polyhedron centered around oxygen or nitrogen
atoms. The goal is to count the number of hydrogen atoms associated with each oxygen or nitrogen atom. To count
the number of H atoms 𝑛𝑖 centered on O or N atom 𝑖, we use the formula:

𝑛𝑖 =

Num1∑︁
𝑗=1

𝑒−𝜆|𝑅𝑖−𝑅 𝑗 |

ΣNum2
m=1 𝑒−𝜆|𝑅𝑚−𝑅 𝑗 | (S3)

Num1 represents the hydrogen atoms that may participate in the reaction, and Num2 includes the possible bonding
sites for these hydrogen atoms (including O, Ru, and N in our system). The parameter 𝜆 that controls the smoothness
of the function is set to 5 during the dynamics calculations. By applying this formula, we determine the number of
hydrogen atoms connected to each oxygen or nitrogen atom. This information helps to establish the protonation
state of the corresponding atoms and further characterizes the ion distribution in the system. For example, if a
Voronoi polyhedron contains 3 hydrogen atoms and 1 oxygen atom, it is identified as H3O+; a combination with
only 1 hydrogen atom and 1 oxygen atom is labeled as OH− . Subtracting specific values (subtracting 2 for oxygen
and 1 for nitrogen) yields the “charge” used in our calculations, 𝛿𝑖 . Note that this “charge” is not obtained through
traditional charge calculations.

In particular, we employ three Voronoi CVs, 𝑠𝑝 , 𝑠𝑑 , and 𝑠𝑑2, to represent the protonation state of the system, sum of
distances between ions in the solution (excluding *NN and *NNH as ion pairs), and sum of distances between the
reaction site Ntop (as an ion) and ions in the solution. For 𝑠𝑑 , and 𝑠𝑑2, positive (negative) values correspond to the
separation distance of ions with opposite (same-sign) charges. More detailed descriptions of Voronoi CV refer to the
cited references.10–13
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𝑠𝑝 =

NumO∑︁
𝑖=1

𝛿𝑖 + 2
NumN or Ru∑︁

𝑗=1
𝛿 𝑗 (S4)

𝑠𝑑 =

NumO∑︁
𝑖≠ 𝑗

𝑟𝑖, 𝑗𝛿𝑖𝛿 𝑗 (S5)

𝑠𝑑2 =

NumO∑︁
𝑖 =1

𝑟𝑁top ,𝑖𝛿𝑁top𝛿𝑖 (S6)

Simulation of the first hydrogenation step of NRR with CV 𝑠𝑑2
For the first hydrogenation step of NRR (R3), the main text presents a free energy surface (FES) derived from a 10 ns
molecular dynamics simulation employing enhanced sampling along the CVs 𝑠𝑝 and 𝑠𝑑 . In addition, a separate 10 ns
enhanced-sampling MD simulation was conducted to better understand the approaching process of hydronium ion
toward the adsorbed nitrogen molecule, along the single CV 𝑠𝑑2, which characterizes the separation of the hydronium
ion and the adsorbed nitrogen molecule. The resulting one-dimensional FES is shown in Fig. S1. The configuration
at 𝑠𝑑2 = 0 corresponds to the structure [R3-b]. The region of 𝑠𝑑2 = 4 ∼ 10 Å roughly corresponds to [R3-a], and the
decrease of 𝑠𝑑2 from 4 to 10 Å shows the approaching of hydronium ion towards the adsorbed nitrogen molecule. A
larger 𝑠𝑑2 than 10 Å indicates water self-ionization reaction in the system.

As observed from Fig. S1, the free energy of the system progressively increases with the decrease of 𝑠𝑑2 from 4 to 10
Å. The fully solvated hydronium ion (𝑠𝑑2 ≈ 10 Å) in water is thermodynamically more stable (∼ 0.1 eV) compared to
the configuration where the hydronium ion is close to the adsorbed nitrogen molecule (𝑠𝑑2 ≈ 4 Å), i.e., the process
that the hydronium ion fully solvated in water approaches the adsorbed nitrogen molecule is endergonic with a small
free energy change of 0.1 eV.

However, 𝑠𝑑2 is not suitable for describing the first hydrogenation step in that the free energy changes precipitously in
the region near [R3-b].

Figure S1: One-dimensional projections of the FES of R3 along the 𝑠𝑑2. 𝑠𝑑2 = 0 corresponds to structure [R3-b],
𝑠𝑑2 = 4 ∼ 10 roughly corresponds to structure [R3-a], and a larger 𝑠𝑑2 indicates that self-ionization of water occurs in
the system. Key structures are marked, with other surrounding water molecules hidden.

Convergence test of the free energy surfaces
The evolution of the CVs over simulation time for the trajectories of the reactions discussed in the main text is
depicted in Fig. S2, which supports the assertion of adequate sampling. Moreover, the convergence of the FES with
respect to the simulation time was explicitly tested. As shown in Figs. S3–S5, these tests confirm that combined with
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enhanced sampling, the 10 ns molecular dynamics simulations are sufficient to obtain converged free energy surfaces
for all three reactions.

Figure S2: The CV profiles for the trajectories. a. Reaction R1; b. Reaction R2; c. Reaction R3.
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Figure S3: Convergence of FES of reaction R1 over time. a. Convergence test for the 1-dimensional free energy
surface along 𝑑𝑁mean, in which Δ𝐹‡ denotes the free energy barrier, and Δ𝐹 denotes the free energy difference. The
energy of the lowest point of the reactant (* + N2) structure is set to 0. b. The free energy barrier and free energy
difference obtained from DPMD simulations of different time lengths. c,d,e,f. Two-dimensional FES of R1 as a
function of 𝑑𝑂min and 𝑑𝑁mean, corresponding to DPMD simulations of 4,6,8,10 ns length, respectively.
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Figure S4: Convergence of FES of reaction R2 over time. a. Convergence test for the 1-dimensional free energy
surface along 𝑠𝑝. The energy of the lowest point of the reactant (* + H+ + e−) structure is set to 0. b. The
free energy barrier and free energy difference obtained from DPMD simulations of different time lengths. c,d,e,f.
Two-dimensional FES of R2 as a function of 𝑠𝑝 and 𝑠𝑑 , corresponding to DPMD simulations of 4,6,8,10 ns length,
respectively.
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Figure S5: Convergence of FES of reaction R2 over time. a. Convergence test for the 1-dimensional free energy
surface along 𝑠𝑝 . The energy of the lowest point of the reactant (* + H+ + e−) structure is set to 0. b. The free energy
barrier and free energy difference obtained from DPMD simulations of different time lengths. c,d. Two-dimensional
FES of R2 as a function of 𝑠𝑝 and 𝑠𝑑 , corresponding to DPMD simulations of 10,20 ns length, respectively.
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Figure S6: Convergence of FES of reaction R3 over time. a. Convergence test for the 1-dimensional free
energy surface along 𝑠𝑝. The energy of the lowest point of the reactant (*N2+H++e−) structure is set to 0. b. The
free energy barrier and free energy difference obtained from DPMD simulations of different time lengths. c,d,e,f.
Two-dimensional FES of R3 as a function of 𝑠𝑝 and 𝑠𝑑 , corresponding to DPMD simulations of 4,6,8,10 ns length,
respectively.
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