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Industrially viable electrochemical production of H2O2 requires 
active, selective and stable electrocatalyst materials to catalyse the 
oxygen reduction reaction to H2O2.  On the basis of density 
functional theory calculations, we explain why single site catalysts 
such as Pd/Au show improved selectivity over pure metals such as 
Au.  
 
 

Introduction 
 
Hydrogen peroxide is ranked by Myers as one of the most important 100 chemicals in the 
world.(1)  Its total production exceeds 3 M tons per annum.(2)  It is mainly used as a 
�green� oxidising agent, particularly for waste water treatment and in the paper industry.  
There is an increasing interest in the use of H2O2 in fuel cells, both as an oxidant and as a 
fuel.(3) Since it is a liquid, it is much more convenient to transport and store than gas 
phase reactants such as H2 or O2. 
 

At present, H2O2 is produced via the anthraquinone process from hydrogen and 
oxygen.  This is a batch process, involving the sequential hydrogenation and oxidation of 
hydroquinone molecules in an organic solvent.(2)   In principle, the production of H2O2 
should actually release energy;given its negative Gibbs Free Energy of formation, ��� = 
-120 kJ mol-1.  However, in practice, the anthraquinone process actually consumes 150 kJ 
mol-1, mainly to cool down the reactors.(4)  The complexity of the anthraquinone process 
means that it is only feasible to conduct it in on a very large scale, with each plant 
typically yielding 50 ktons per annum.(2)  This also means that the H2O2 needs to be 
transported from the centralised production plants, causing logistical challenges. 

 
Over the past decade, the heterogeneous catalysis community has devoted a large 

body of research towards the development of an alternative to the anthraquinone process.  
The �direct catalytic� route is a simpler, continuous process, whereby O 2 is reduced 
directly by H2 on solid catalysts.(5-9)  It lends itself better to small scale production, so 
that H2O2 could be produced close to the point of consumption.  The most active and 
selective catalysts for this process are based on Pd modified Au nanoparticles, denoted as 
Pd-Au.(6, 8, 9)  Despite the relative simplicity of this method in comparison to the 
anthraquinone process, it would be preferable to avoid the explosive mixture of H2 and 
O2 altogether. 
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In comparison to the anthraquinone and the direct catalytic processes, the 
electrochemical reduction of O2 to H2O2, i.e. O2 + 2H+ + 2 e- = H2O2, seems to be an 
attractive option.  When produced at the cathode of a fuel cell, with hydrogen oxidation 
at the anode, it should, in principle, be possible to release the ���= -120 kJ mol-1 as 
electrical energy. Should one wish to avoid the use of H2, H2O2 could also be produced in 
an electrolyser, in which case ~200 kJ mol-1 input would be required (assuming 1 V 
potential difference).  Despite the obvious appeal of the electrochemical production of 
H2O2, it has largely been overlooked by the electrochemistry community. 

  
Nonetheless, the viability of the electrochemical production of H2O2 depends on 

further improvements to the electrocatalysts at its cathode. Not only does the catalyst 
needs to be active, but also selective, i.e. favoring the 2-electron reduction of O2 to H2O2 
over the thermodynamically favored 4-electron pathway to H2O,  
i.e. O2 + 4H+ + 4 e- = H2O. 

 
 

Figure 1.  Polarisation plots showing H2O2 production current, jk as a function of 
potential, U, for a number of different catalysts, derived from the ring current and 
corrected for mass transport limitations, in accordance to Paulus et al.(10) The data are 
collected from a number of different studies: Au(111) from Alvarez-Rizatti et al;(11) 
Au(pc) from Jirkovsky et al;(12) Ag(111) from Blizanac et al;(13) N-doped C from 
Fellinger et al;(14) Au/C and Pd-Au/C from Jirkovsky et al(15). In the case of Au(111), 
we assumed 100% selectivity to H2O2, meaning that the plotted current provedes an 
upper limit for the actual activity. 
 

In order to establish the current state-of the-art, the polarisation plots from a number 
of different studies is plotted on Figure 1.  The activity increases roughly in the following 
order Au(111) <   Au(pc) < Ag(111) < Pd-Au/C < N-doped C < Au/C.  Evidently, some 
of the Au-based catalysts show reasonable activity.(15)   However, it also seems that the 
activity of Au towards O2 reduction is highly sensitive to the catalyst structure, with the 
carbon supported nanoparticles, Au/C being most active.(15) Even so, the selectivity, 
which is potential dependent, shows a maximum value that is only 80%.   Curiously, the 
catalyst of choice for the direct gas phase catalytic production of H2O2, Pd-Au/C also 
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Zero point energies and entropies were included in energetics calculations.(21) No 
corrections were applied to the adsorption energies as a result of solvation, as we assume 
that water stabilizes HO* and HOO* similarly on all alloys.  

 
The adsorption energies for Pt(111) and Pd(111) were based on the data from 

Nłrskov et al(21) and Rossmeisl et al.(22) 
 
We have used the computational hydrogen electrode approach to calculate the free 

energy levels of all intermediate states as a function of potential.(21) 
 
 

 Results and Discussion 
 
In accordance to a previously published set of DFT calculations, the initial charge 

transfer step in the oxygen reduction reaction is (where * denotes a vacant active site and 
HOO* denotes an adsorbed HOO* intermediate):(21-23) 

 
 O2 + H+ + e- + * � HOO*  [1] 

 
Should H2O2 be produced via the so-called two electron pathway, the reaction will be 

completed via the following step:(23) 
 

 HOO* + H+ + e-  � H2O2 + *  [2] 
 

Evidently both reaction steps only involve one intermediate, HOO*.  The effect of 
changing the catalyst material is to change the binding of this intermediate, �GHOO*. It 
turns out that on any given surface, the binding energy of HOO* is offset by a constant 
3.2 – 0.2 eV from that of HO*, �GHO*.(24, 25)  Consequently, both �GHO* and �GHOO*  
can be used as a �descriptor� to describe the trends in activity for H 2O2 production. (23) 
This is demonstrated on Fig 2a, where the thermodynamic limiting potential for H2O2 
production, UT, is plotted, in blue, as a function of �GHO*; the HOO* binding energy is 
also displayed on the upper horizontal axis for comparison. The thermodynamic 
overpotential for the 2-electron reaction, �������� , is the distance from the Nernstian 

potential for H2O2 production, 	
����
�



=0.7 V, to the 	�. At the UT, the catalyst can 
sustain appreciable kinetic rates for H2O2 production, due to low charge transfer 
barriers.(25-27)  
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Figure 2. 2-electron (blue) and 4-electron (red) theoretical volcano plot for reduction of 
O2, with the limiting potential plotted as a function of �GHO*(lower horizontal axis) and 
�GHOO* (upper horizontal axis).  In the case of Ag(111), Pt(111) and Pd(111), both the 
overpotential for the 4 electron pathway (upper points) and the 2 electron pathway are 
plotted (lower points). 

 

 
 

Figure 3. Free energy diagram for a number of different catalysts for H2O2 production 
from O2, at the equilibrium potential. 
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