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Abstract 
 
The call for clean and sustainable energy raises tremendous research interests in fuel cell. However, 
the efficiency of low-temperature fuel cell is heavily impeded by the sluggish cathode reaction, 
the oxygen reduction reaction (ORR), even with the state-of-the-art Pt catalyst. Advanced ORR 
catalysts with better activity and lower expense are of great research interest for the development 
of clean energy.  Pd3Cu alloy is one of the potential non-Pt based ORR catalysts owing to its 
excellent balance between activity, long term stability and cost. Alkaline ORR so far receives 
much less theoretical study interest although alkaline medium is found to be beneficial to ORR in 
many aspects. Aimed to gain more theoretical insight into the reactivity of Pd3Cu and mechanistic 
information of alkaline ORR, mechanism study was conducted by applying DFT calculations. The 
electron-affinitive of Pd3Cu has been activated by the d-d coupling between Pd and Cu. Adsorption 
strengths of ORR intermediates, and especially their preferences to various adsorption sites were 
carefully examined and discussed. The adsorption analysis prompted us a possible ORR 
mechanism on Pd3Cu surface. Reaction pathway calculations based on this mechanism unveiled 
an energetically favorable reaction path with an ultra-low overpotential. This theoretical support 
supplied a new direction for the reactivity of catalyst. 
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As the increasing demand for greener energy supplies, tremendous interest has arisen for 
environmentally friendly fuel cells, especially about the key reaction on cathode, oxygen reduction 
reaction (ORR)1-6. Beyond the commonly studies alloys materials, some graphene/metal 
composite materials are emerging as promising ORR catalysts as well 7-10. Compared with the 
acidic condition, the alkaline condition offers several advantages for ORR including faster kinetics, 
optimized adsorption strengths11, the thermodynamic preference on pathway12, wider selections of 
material8 and less corrosive conditions for materials. Presently, the research of alkaline ORR is 
usually characterized by mass activity and the current density.  The more complex alkaline ORR 
has largely constrained the theoretical research in recent years. Pd has been found as a promising 
candidate that shows better performance in alkaline fuel cells with ethanol and propanol13. The 
lower ORR activity than Pt has been ascribed to the overbinding effect of oxygen on the Pd 
surface14. By introducing Pt or other transition metals (e.g., Co, Fe, Cu, Ni, Au etc.) to form alloys, 
the ORR activity of Pd can be largely improved, and the ORR activity of Pd-M alloys can exceed 
those of Pt13. Cu is a good candidate but has rarely been discussed before. Owing to its positive 
electrochemical potential in the solution, high stability can be expected. Both crystal structure and 
electronic structure modification by the incorporation with Cu can be achieved15. The durability 
of the catalyst is also an important factor controlling the practical performance of catalysts. The 
Pd3Cu has a significantly smaller loss of Cu than PdCu after extensive cycles16. Besides, previous 
works also suggested that the Pd3Cu exhibited significant resistance to OH– poisoning, allowing 
the continual O2 adsorption on active sites for longer durability17-19. Thus, an in-depth theoretical 
study is necessary on the Pd3Cu for further understanding of ORR activity under alkaline 
conditions. In this work, DFT calculations were applied to investigate the alkaline ORR process 
involved with the detailed binding strength of different sites as the selectivity preference. Related 
calculation setup can be found in the Supporting Information. We have explored a new possible 
direction for theoretical ORR study in the alkaline environment, which can serve as a support to 
the d-band center theory for widening ORR activity studies and applications. 
 
As O2 adsorption is the prerequisite of an efficient ORR on the surface, the strength of it determines 
whether the reaction is easy to initiate. Based on the accurate orbital energy calculations, our 
previous works have successfully identified the activation of electronegativity of Pd and transition 
metals via the orbital coupling20-21. Especially, the d-d orbital coupling will largely enhance the 
orbital energy that further boost the electron transfer for efficient electrocatalysis20. As for Pd with 
a 4d10 electron configuration, the relatively inert reactivity can be activated to electron-affinity 
through the introduction of Cu (Figure 1). Through the strong d-d coupling between Pd and Cu, 
the extra active electrons from Cu [3d104s1] contribute to the formation of an electron-affinitive 
4d10+δ Pd, which can break the constrains of electron supply to achieve the firm adsorption of O2 
to form stable adsorbed O2

2-. Following the previously reported approach in calculating the orbital 
energy, we confirmed that the Pd shows a stronger electron-affinity with a larger δ value, 
supporting the higher activity in electron transfer.  It has also been reported that a stronger oxygen 
adsorption strength brings a higher initial current density in cell operation for a better cell 
performance22. Thus, the O2 adsorption energy rather than the O adsorption energy has been 
considered in this study. The d-band-center calculations and the average O2 adsorption energies of 
three surfaces have been summarized in Table S1 and Figure S1. The calculation of d-band center 
and the average adsorption energies is consistent with the d-band center theory that the position of 
d-band center is proportional to the adsorption strengths of the adsorbates23. However, a deeper 
look into the specific adsorption strengths on available sites reveals different results, in which the 



fcc site on the (111) surface has the overall strongest O2 adsorption strength among the sites on 
three surfaces. This unique O2 adsorption strength comparison reminds us that the general ORR 
adsorption study method has neglected the active site preference on the surface, which might play 
a crucial role. 
 
Another highlight is the detailed comparison of O2 adsorption preferences on the active sites of 
the three surfaces (Figure 2a-2c). O2 has a significant adsorption preference on the (111) surface, 
while it does not show the same extent of site preference on the (100) and (110) surfaces. The O=O 
bond length has remained similar on the (111) and (110) surfaces, while the hollow site of the (100) 
surface has experienced an evident increase after adsorption. The fcc sites on (111) adsorbs O2 
remarkably stronger than other sites on the (111) surface, with energy differences varying from 
1.59 eV to almost 3 eV. Although the O2 adsorption strength on the (100) hollow site is 
approximately as strong as that on (111) fcc, the hollow site is just slightly stronger than the bridge 
site with less than 0.5 eV in energy difference. For the (110) surface, no significant energy 
difference like that of the (111) surface could be observed. The unexpected strong adsorption 
strength of fcc and the significant adsorption preference on (111) has raised our interest. In 
comparison, the H2O adsorption energies on the (111) surface vary in a small range within 0.539 
eV (Table S2 and Figure 2d). This is distinct from the O2 adsorption on the (111) surface that the 
largest energy difference is up to ∼3 eV. The small energy difference indicates that H2O hardly 
shows a specific preference toward the active sites on (111), indicating an easy migration on the 
(111) surface. The H2O will not hinder the O2 adsorption on the active sites since the adsorption 
energies of H2O are much weaker than that of O2. If the favourable adsorption sites for other ORR 
reactants are different from O2, it is possible to resolve the obstacle in ORR catalysis that the active 
sites of O2 are blocked by other adsorbates. Moreover, it opens the possibility for the separate 
tuning of adsorption strengths for different adsorbates on the surface. Therefore, the (111) surface 
will be our research focus. Previously, researchers focused on adjusting the O adsorption energy 
of the surface model to obtain a better ORR activity than Pt24-31. This idea is originated from the 
ORR volcano plot proposed by Nørskov et al. and the internal scaling law that the binding energies 
of ORR intermediates are correlated with each other13. However, this correlation of O and other 
intermediates has been proven to be applicable only on pure transition metal surfaces, in which 
only strain effect is in control of the d-band centre values 30.  
 
For the alloy surface in which both ligand and strain effects are presented, the O binding energy 
does not correlate with the binding energies of O2, OOH and OH well. The projected density of 
states (PDOS) of O2 on surfaces has confirmed a similar overlap with the surface on most active 
sites, in which the over-binding on Pd sites can be observed. This can be attributed to most of the 
adsorption of O2 preferred the fcc sites after relaxation except for the strong binding with the 
surface of Pd. The O2 energy also has a much better correlation with the binding energies of OOH 
and OH due to the similarities in their PDOS(Figure S3-S4). The OH adsorption energy can affect 
the energy barrier of the electron/proton transfer step and the removal of the products in alkaline 
ORR. As O2 adsorption energy has better correlation with OH, it serves as a better ORR activity 
parameter than O adsorption energy. 
 
The extraordinary O2 adsorption selectivity preference on the (111) surface suggests that simply 
treating the surface as a whole in calculations could lead to inaccurate estimations of the surface 
reactivity. Although the average adsorption energies of the active sites show good correlation with 



the surface d-band centre position, the strongest adsorption of O2 on the fcc site of the (111) surface 
does not concur with d-band theory conclusion that the (111) should have the weakest average 
adsorption strength. Therefore, investigation of the adsorption preference on the surface can 
provide supporting information on the surface reactivity of the surface and enhance the application 
of d-band centre theory. Moreover, analysing the adsorption preferences of ORR adsorbates sheds 
light on the separate tuning of ORR adsorbates adsorption strengths. Comparison of adsorption 
strengths of O2 and OH- shows that the O2 adsorbs ∼0.2 eV stronger on fcc while OH-species are 
more stable on hcp and bridge sites (Figure S2a), indicating that the OH poisoning by blocking 
the fcc sites for O2 is less likely to occur on the surface. If the surface sites can be tuned to further 
weaken the OH- adsorption while maintaining strong adsorption of O2, the ORR activity could be 
further improved. The adsorption preference of 4OH– on the active adsorption sites on (111) are 
also important (Table S3). The OH– adsorption strengths on Pd and Cu sites are relatively weak 
among the active sites. The fcc site ranks third in adsorption energy, while the hcp and bridge sites 
are approximately 0.5 eV stronger and in a similar energy level. These results indicate that the 
hydroxide is relatively unstable on Pd, Cu and fcc active sites. Based on this, the chemisorption 
energy of OH- are also considered on the Pd3Cu (111) fcc site (Table S4). The chemisorption of 
OH– is thermodynamically favourable with an energy of -3.700 eV, which can promote the 
reduction of adsorbed O* to the adsorbed OH*. 
 
Our work emphasis the investigation of ORR intermediates adsorption preferences towards the 
active sites on surface. Here we proposed the associated mechanism of alkaline ORR as follows: 
 
O2 + * = O*                                                                                                            (1) 
O2* + 2H2O + 2e  = O2

2- + 2H2O                                                                         (2) 
O2

2- + 2H2O = OOH- + OH- + H2O                                                               (3) 
OOH- + OH- + H2O = O* + 2OH- + H2O                                                      (4)  
O* + 2OH- + H2O = OH* + 3OH-                                                                                           (5) 
OH* + 3OH- = 4OH-                                                                                                                      (6) 
 
The adsorption energies of two important ORR intermediates, OOH– and O* were calculated. 
*OOH– is the characteristic intermediate generated from the associative mechanism meanwhile  
O* will dominate the dissociative mechanism. As OOH– and O* both originate from the adsorbed 
O2, their adsorption calculations were also applied on the fcc site of Pd3Cu (111) due to the 
preference of O2. The optimized configurations and adsorption energies of alkaline ORR species 
on active sites of Pd3Cu (111) are shown in Figure S2 and Table S5. The adsorption energies 
difference among O2, OOH– and O* will unravel a possible dominant reaction path of alkaline 
ORR on Pd3Cu (111). OOH– has more stable adsorption on the surface than O* and O2. O* is 1 
eV weaker than O2 and nearly 2 eV weaker than *OOH–. Judging from their energy differences 
with the O2 adsorption energy, formation of *OOH– will be easier, which is aligned with our 
proposed associative mechanism.  
 
Based on our proposed mechanism, the optimized structure configurations and corresponding 
reaction energy path have been displayed in Figure 3 and Table S6. All energies have considered 
the change of entropy and zero-point energy. In accordance with the adsorption behaviour of O2, 
the first reaction step of O2 adsorption will also occupy the fcc site. The black line in Figure 3b is 
the reaction energy change at U=0 V that represents the energy level when the cell is short-circuited. 



From this direct and comprehensive method, it can be seen that all of the steps are exothermic. The 
bias effect of the applied potential was then considered by shifting the energy of all electron 
involved states by -neU (n is the number of electrons). Since we cannot mechanically apply the 
method of acidic situation with U= 1.23 V in the alkaline medium, we have set the equilibrium 
potential of ORR in pH=14 at U= 0.828 V. At this potential, the only endothermic step is the final 
reduction of the OH* to OH– with the energy barrier of 0.590 eV. Following the estimation method 
proposed by Nørskov et al.13, the overpotential is estimated to be η=0.590 V to overcome this 
largest energy barrier. Therefore, at potentials lower than U=U0-η =0.828 V-0.590 V= 0.238 V 
(green line in Figure 3b), all the steps become exothermic.  Moreover, the final desorption step of 
OH– to the solution only shows the energy of -0.590 eV at U=0 V, suggesting that the binding 
strength of OH– to the surface is easy to overcome. In other words, when the adsorbed OH* is 
reduced, it would prefer to be released to the aqueous phase, which means the chance of surface 
poisoning by the 4OH– is low. With these results, we can preliminary conclude that the alkaline 
ORR on the Pd3Cu (111) will be initiated by firm adsorption of O2 and facilitated by the easy 
removal of the final product OH–. This difference in adsorption preference suggests this surface is 
theoretically promising in alkaline ORR catalysis. It is worth saying that such a method of 
overpotential estimation is derived from the acidic ORR. The present challenges for alkaline ORR 
originated from the complexity of alkaline ORR and the difficulty of estimating the standard 
potential of ORR in alkaline conditions. It has been shown that the effect of pH to OH- adsorption 
strength is very complex, involving the co-adsorption effect of hydrogen and even alkali cation, 
and it has a significant impact on the electrocatalytic properties of the electrode surface. More 
accurate evaluation of the hydroxide adsorption in alkaline medium requires a much more 
complicated surface modelling than that of an acidic medium30,31. Thus, the interpretation of 
calculation results of alkaline ORR has not reached a consensus yet. Our method has been derived 
from the widely-accepted method of acidic ORR with the modification based on alkaline 
conditions, which has offered a clear and direct understanding of the mechanism. 
 
In conclusion, our work has supplied a new approach to predict the predominant ORR mechanism 
on the surface through the adsorption preference and electron electron-affinity (Table 1). The 
detailed analysis of surface adsorption preference offers novel insights into the complex alkaline 
ORR process on the alloy surface. The DFT calculations have revealed the electronic reactivity as 
well as adsorption of intermediates on Pd3Cu surfaces in alkaline ORR. The unique O2 adsorption 
behaviours on the fcc site of (111) surfaces have been observed and lead to the in-depth analysis 
of the associative reaction mechanism concerning the adsorption strength of intermediates. The 
overall energetically favorable reaction trend with ultra-low overpotential has been discovered on 
the electron-affinitive Pd3Cu as a potential catalyst for alkaline ORR. Our work has strengthened 
the wider application of d-band-centre theory achieving efficient ORR in the alkaline environment 
for future applications in fuel cells. 
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Table 1. Brief summary of conclusions 

Summary of Conclusions 
Highlight of study Details 

Electron affinity activation by alloying Cu Activating the inert Pd 4d10 shell for stronger 
electron transfer to O2

 

Adsorption site 
study 

d-band center (100) > (110) > (111) 

Overall Eads for O2 
• (100) > (110) > (111) 
• Follows d-band center model  

Strongest adsorption 
site for O2 

• fcc on (111) 
• Would be overlooked if purely consider 

d-band center and overall Eads 

O2 adsorption site 
bias Only on (111) 

Inspiration Adsorption study should be specific to the 
available sites of surface 

Thermodynamics of ORR on Pd3Cu (111) 

1. Only one endothermic step at equilibrium 
potential 

2. Ultra-low overpotential: η = 0.238 V 
3. Potential efficient alkaline ORR catalyst  

  



Figure 1. 
 

 
 
Figure 1 |  Illustration of the active electron-affinity of Pd3Cu for boosting the alkaline ORR. Inset: 
Determination of electron-affinity of Pd and Cu. 
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Figure 2. 
 

 
 
Figure 2 | The adsorption behaviours of O2. (a)-(c) The adsorption energies and bond length of 
O2 on active sites on (a) (111), (b)(110) and (c) (110) surfaces. (d) The adsorption energies of the 
initial reactant of alkaline ORR in (111) surfaces. (e) PDOS of the adsorption O2 with surface metal. 
Blue = sp orbitals and Grey = d orbitals. 
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Figure 3. 
 

 
 
Figure 3 | (a) Optimized structure configurations of the reaction steps and (b) corresponding 
reaction energy path. 
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