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Abstract. This study investigates the stability of Mn, Ni, and Fe dual atom catalyst 

(DAC) embedded in the basal plane of 2D graphene using density functional 

theory (DFT) calculations. Our results indicate that these DACs exhibit optimal 

performance only under specific alkaline conditions. Pourbaix diagrams were 

constructed to assess the stability of both configurations, revealing that Mn DACs 

offer a broader operational range in the unpoisoned state compared to Fe and Ni 

DACs. For the ortho configuration, the active sites are predicted to remain 

unpoisoned, avoiding adsorption by intermediates such as O* and OH*. However, 

the para configuration of all three DACs remains functional only in their poisoned 

states. These findings provide valuable insights for the design of DAC-based ORR 

catalysts, suggesting that ortho configurations should be studied under conditions 

where the active sites remain bare, while para configurations should be 

investigated under poisoned states. 

Keywords: Acid Stability, DAC, ORR, DFT, Active site poisoning. 

1 Introduction 

The Proton Exchange Membrane Fuel Cell (PEMFC) is a clean and efficient 

energy conversion device used to convert hydrogen into electrical energy, 

particularly in electric vehicle applications. The device operates through 

hydrogen oxidation to protons at the anode and oxygen reduction at the cathode, 

with water being the only byproduct [1]. Currently, platinum (Pt) is the catalyst 

of choice for the oxygen reduction reaction (ORR) due to its high activity and 

excellent stability [2]. However, Pt’s high cost and scarcity necessitate the search 

for alternative catalysts. Several studies have explored non-precious metal 
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catalysts that can replace Pt, emphasizing ORR activity, stability, and cost-

effectiveness [3–5]. Among these alternatives, transition metal-nitrogen-carbon 

(M-N-C, where M can be Fe, Co, Mn, Ni, etc.) catalysts have demonstrated the 

most promising performance [6–12]. Despite these advances, the stability of 

some non-precious metal catalysts remains a challenge in acidic environments, 

and further improvements are required. 

Recent studies have shown that increasing the metal dopant content in 2D 

materials can effectively enhance the catalytic activity and stability of single-

atom catalysts (SACs) [13–15]. Additionally, diatomic-transition metal doped 

graphene catalysts have shown superior ORR activity compared to their single-

atom counterparts [14–19]. Previous work by Karmodak and colleagues[15], 

reported that dual atom catalysts (DACs) based on Mn, Fe, and Ni integrated into 

the graphene framework exhibit excellent ORR activity and stability over a wide 

pH and potential range. However, detailed information on the active site 

configurations in this working range is still lacking. This information is crucial, 

as certain DAC configurations, such as para active site, are only stable when the 

active site is poisoned by intermediates like O* and OH*, while the bare active 

sites tend to be unstable in a normal electrochemical condition. 

This study focuses on the investigation of acid stability and demetallation 

behavior of Ni, Fe, and Mn DACs active sites (M1M2N6C) under hydrogen fuel 

cell operating conditions using density functional theory (DFT)-based 

calculations. By evaluating various demetallation scenarios, we construct 

Pourbaix diagrams for these catalysts to identify their stable working conditions, 

particularly in the presence of potential active site poisoning. 

2 Methods 

Spin-polarized DFT, as implemented in the Quantum ESPRESSO package, was 

used to perform the geometric optimization and calculate the system's total 

energy [20]. Ultrasoft pseudopotentials were used to describe the electron-ion 

interactions [21], and a plane-wave basis set was employed with a kinetic energy 

cutoff of 50 Ry and an electron density cutoff of 600 Ry [22–25]. The Generalized 

Gradient Approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) 

functional handled the exchange-correlation effects [26]. For the 2D graphene 

sheets, we applied a 2 x 2 x 1 Monkhorst-Pack k-point grid [27]. A vacuum layer 

of 15 Å was added along the normal direction to the graphene surface to prevent 

spurious interactions between periodic images. Finally, the atomic structures 

were relaxed until the Hellmann-Feynman forces acting on each atom were 

reduced to less than 0.05 eV/Å.  
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We constructed Pourbaix diagrams to analyze the stability of NiNiN6C, FeFeN6C, 

and MnMnN6C active sites over a range of pH values and applied potentials. This 

allowed us to identify the conditions that maximize the catalyst stability during 

the ORR process. The ion demetallation mechanism was investigated for two 

typical DAC configurations: ortho [(M₁M₂N₆)o] and para [(M₁M₂N₆)p], as 

depicted in Figure 1 [28,29].  

 

Figure 1 Two typical DAC configurations: ortho [(M₁M₂N₆)o] and para 

[(M₁M₂N₆)p]. 

During demetallation, transition metal ions are released from the MnMnN₆C, 

NiNiN₆C, and FeFeN₆C structures, transitioning into aqueous ions and leaving 

behind cavities within the graphitic structure, which vary in their degree of 

protonation [30]. This demetallation process affects both clean active sites and 

those with adsorbed ORR intermediates. Prior studies have shown that adsorbed 

OH* and O* species can thermodynamically stabilize single-atom catalysts 

(SACs) across a broad pH range. Consequently, we also need to consider the role 

of these intermediates in stabilizing Mn, Ni, and Fe DACs active sites during 

demetallation. The demetallation process for DAC Mn, Ni, and Fe is 

hypothesized to follow one of the pathways described below [15,30,31]. 
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1⁄ N6CHn+a + (p − n)e−  (1) 

M1M2N6C/OaHb + nH+ ↔ M1
P + M2

q
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b

2
O2 + N6CHn+a + (p + q − n)e−  (2)  
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2⁄
P + aH2O + M2

1⁄ N6CH + (p −

(2a − b + n))e−  (3) 

M1M2N6C/OaHb + (2a − b + n)H+ ↔ M1
P + M2

q
+ aH2O + N6CHm + ((p +

q) − (2a − b + n))e−  (4) 

The structure M₁M₂N₆C corresponds to the bare active site (Figure 1), whereas 

the configuration M₁M₂N₆C/OₐHb, represents the active site with adsorbed O* 

(a=1, b=0) or OH* (a=1, b=1) intermediates. The variables p and q represent the 

oxidation states of the dissolved ions, while n denotes the number of protons 

involved in the demetallation reaction. In this study, we examined n-values 

ranging from 0 to 6. 

The equilibrium potentials under specific pH conditions for reactions (1)–(4) 

were calculated using the Nernst equation [32]: 

𝑈𝑟𝑒𝑑 = 𝑈𝑟𝑒𝑑
(0)

−
𝑅𝑇

𝑛𝐹
𝑙𝑛

[Product]

[Reactant]
  (5) 

Based on previous studies [30,33], this equation can be grouped into two distinct 

cases. The pH-dependent equilibrium potential Ueq(pH), which establishes 

equilibrium lines for reactions where p+q ≠ n, is determined by solving the 

following equation: 

Ueq(𝑝𝐻)𝑝+𝑞≠𝑛  =  
(ΔG)pH=0  

(p+q−n)
+

n

(p+q−n)
pH kBT ln 10  (6) 

For cases where p+q = n, representing a proton-balanced state, the equilibrium 

pH is plotted as a vertical line, calculated using the following general expression: 

𝑝𝐻𝑒𝑞;𝑝+𝑞=𝑛 =
Δ𝐺𝑝𝐻=0

−𝑛𝑘𝐵𝑇 𝑙𝑛 10
  (7) 

The free energy difference between products and reactants, Δ𝐺 = 𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 −

𝐺𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠, defines the thermodynamic favorability of a reaction, determining its 

direction and extent. A negative ΔG indicates that the reaction is spontaneous 

under the specified conditions.  

The free energy associated with the dissolved transition metal ion is calculated as 

follows[31]: 
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𝐺(𝑀𝑥+) = 𝐸𝐷𝐹𝑇(𝑏𝑢𝑙𝑘) + 𝛥𝐺𝑥  (8) 

Here, Δ𝐺𝑥 refers to the free reaction energy of the bulk metal demetalation 

process, derived from literature [32,34,35]. For these calculations, the dissolved 

metal ion concentration is assumed to be 1 M at a temperature of 298.15 K. 

3 Results 

3.1 Ni DAC Active Sites 

In the NiNi DAC system, the (NiNiN6)o/G and (NiNiN6)p/G configurations are 

only stable under alkaline conditions, with a relatively narrow working range of 

pH and potential as shown in Figure 2. In the ortho case, O* and OH* phases do 

not appear, mainly because NiNi sites generally exhibit weaker adsorption ability 

compared with MnMn and FeFe. As a result, the O* and OH* phases are not 

sufficiently facilitated. This behaviour is also observed in certain Ni-SAC 

configurations [31]. However, in the para configuration, the O* and OH* phases 

can be stabilised, with working conditions similar to the (NiNiN6)p/G 

configuration. This is due to the stronger adsorption ability of the para 

configuration compared to the ortho configuration  [28,29] 

 
(a)          (b) 

Figure 2 Pourbaix diagram of (a) (NiNiN6)o/G, (b) (NiNiN6)p/G. 

3.2 Fe DAC Active Sites 

The results of the study for the FeFeN6C active site as per Figure 3 differ from 

those reported by Karmodak [15] where its working range is reported to cover all 

pH levels, including both acidic and alkaline conditions. Consistent with some 

experiments on Fe DAC and Fe SAC, our calculations show that these catalysts 

can only operate optimally under alkaline conditions [36,37]. Unlike Ni DAC 

with ortho configuration case, the O* and OH* phases can be stabilised at a 

similar working range with (FeFeN6)o/G in the clean phase. However, from 
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previous research [28], (FeFeN6)o/G shows good ORR activity at relatively high 

potential, which facilitates the reduction of O* and OH* to H2O easily. 

Consequently, in practice, the clean (FeFeN6)o/G active site (red region in Figure 

3a) will dominate the active site configuration under its working condition. 

In contrast, the working range of the para (FeFeN6)p/G active site in the clean 

phase is very narrow as shown in Figure 3b, because even at low potential, the 

active site is poisoned by O* and OH* due to the strong binding energy of 

molecules in the para configuration [28]. As a result, the active site of 

(FeFeN6)p/G is effectively a poisoned site, to which O* and OH* have been 

bound. 

 
(a)  (b)  

Figure 3 Pourbaix diagram of (a) (FeFeN6)o/G, (b) (FeFeN6)p/G. 

3.3 Mn DAC Active Sites 

Similar to the case of FeFeN6, and contrary to the findings of [15], however our 

analysis of the adsorbate revealed that the ortho and para configurations of 

MnMnN6 are unstable under acidic conditions as shown in Figure 4. 

Interestingly, the active site of (MnMnN6)o/G clean phase exhibits a wider 

working range than (FeFeN6)o/G, with stability at pH > 5, while the O* and OH* 

poisoned states occur in a potential range of > 5 with stability at pH > 5, while 

the O* and OH* poisoned states occur in the same potential range. Previous 

research suggests this site has a good ORR rate, is unlikely to be O* and OH* 

poisoned, and the active site configuration for the ortho configuration will be 

dominated by the plain (MnMnN6)o/G state in its working state [15].  

For the para configuration, our findings show that the clean (MnMnN6)p/G 

operates in a very narrow working range under alkaline conditions, which 

indicates that this clean structure is not effective as an ORR catalyst. This is in 

line with previous studies [15]. However, when the site is poisoned by O* and 
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OH*, its working range widens significantly. Generally, para-type catalysts are 

always poisoned by O* or OH*, and thus, in practice, poisoned para catalysts are 

expected to function over a larger pH range. Therefore, further research is needed 

to investigate the ORR activity of (MnMnN6)p/G under poisoned conditions. 

 
(a)         (b) 

Figure 4 Pourbaix diagram of (a) (MnMnN6)o/G, (b) (MnMnN6)p/G 

4 Conclusion 

We have studied the stability of Mn, Fe, and Ni DACs active sites using DFT-

based calculations. We discovered that these DAC active sites are only functional 

under certain alkaline conditions. In all cases of the ortho configuration, the 

active sites are predicted to remain in the bare state without being poisoned. 

Meanwhile, for the para configuration, the strong binding affinity for adsorbates 

results in the active sites being consistently poisoned by O* and OH*. Therefore, 

to study the ORR activity of the ortho configuration, it is recommended to focus 

on the bare active site, whereas for ORR in the para configuration, it is advised 

to consider the active site in the poisoned state with O* and OH*. 
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