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Report: 

 

In this project we have applied in operando wide angle X-ray scattering (WAXS) to study structural 

transformations which affect the activity of nickel nanoparticle catalysts for the hydrogen oxidation reaction 

(HOR). In fuel cell research community, proton exchange membrane fuel cell (PEMFC) and anion exchange 

membrane fuel cell (AEMFC) are two clean-energy technologies that have gained significant research interest 

and focus in the past decades. As a cost-effective alternative to the currently commercialized PEMFC, the 

promising AEMFC offers several potential advantages over PEMFC. Among them, the wide availability of less 

costly Pt-free or precious group metal (PGM)-free catalysts in alkaline medium is particularly attractive. To 

date, PGM-free catalysts for the ORR at the cathode have achieved performances comparable to their PGM 

counterparts, and highly conductive and stable hydroxide exchange membranes have been newly developed. 

Now, the main barrier to the progress of AEMFC is the lack of active PGM-free catalysts for the HOR at the 

anode. Among various earth-abundant metals, nickel-based catalyst materials have been proved to be active for 

alkaline HOR. However, their performances still lack practical competitiveness. One of the main issues 

associated with Ni-based HOR catalysts was the tendency to oxidize and lose HOR activity under higher 

polarization potentials. The proposed mitigation strategies included making intermetallics or alloys with higher 

resistivity to oxidation, and using nitrogen-doped carbon as conductive support. It was reported that the 

electronic interaction between the Ni nanoparticles and the N-doped carbon support leads to balanced hydrogen 

and hydroxide binding energies. 

 

To study this process, we have measured in operando WAXS of three different Ni-based catalysts pyrolyzed at 

three different temperatures, in the following abbreviated as Ni-H2-400, Ni-H2-425 and Ni-H2-450. Several 

samples were prepared by drop casting an ink on glassy carbon (GC) cylinders with a nickel loading of ~20–30 

µgNi cm-2. WAXS was measured using our customized three-electrode electrochemical X-ray cell made of PEEK 

and based on thin-layer concept. The cell was designed for grazing incident geometry and accommodated a 

glassy carbon cylinder electrode (Ø ~ 5 mm) and filled with 0.1 M KOH electrolyte. PEEK foil was used as X-



 

ray window. X-ray attenuation due to the electrolyte film was reduced significantly thanks to the high-energy 

X-ray radiation. First for each sample, the activation was achieved by cycling 10 times between −0.02 VRHE and 

0.05 VRHE at 20 mVs-1 scan rate in N2-saturated electrolyte to remove surface oxygen species on nickel. Then, 

the electrolyte was saturated with H2. A staircase potentiostatic protocol which consisted of successive potential 

steps of fixed step size (40 mV) and duration (10 min) was performed and WAXS measured every ~10 min. The 

potential was first decreased in steps of 40 mV from the initial state, 0 VRHE to −0.08 VRHE, then increased to 

HOR conditions at the maximum potential of 0.56 VRHE, then decreased back to the initial state, 0 VRHE. 

• Staircase potentiostatic protocol I: potential range: −0.08–0.56 VRHE, 33 steps in total, step size: 40 mV, 

duration of each step: 10 min.  

Protocol type I has a potential range that extends well inside the Ni oxidation region and reduction region. To 

observe dynamical structural changes induced by Ni oxidation and reduction, WAXS measurements were 

performed at the end of each potential steps.  

The plot of potential vs time is illustarted in Figure 1. A KCl-saturated Ag/AgCl electrode (0.943 VRHE) was 

used as the reference electrode. Before use, it was first calibrated by LSV scans with polycrystalline Pt RDE as 

the working electrode in H2-saturated electrolyte. The potential in Figure 1 are reference to the Ag/AgCl 

electrode.  

 

 
Figure 1: The plot of potential vs time of staircase potentiostatic protocol type I. 
 

We performed the above mentioned protocol (type I) for all three catalysts. To make sure that this in operando 

WAXS technique also works well for Ni-based materials, we also designed another “safe” protocol (type II). 

Given the limited beamtime, we only performed type II protocol for one selected catalyst (Ni-H2-450). 

• Staircase potentiostatic protocol II: potential range: −0.20–1.40 VRHE, 17 steps in total, step size: 200 

mV, duration of each step: 10 min. 

 

 
Figure 2: The plot of potential vs time of staircase potentiostatic protocol type II. 

 

The data analysis is in progress and will further reveal differences, for example in change of the structural 

coherence length of metallic Ni, occurring with different potential steps. The analysis of the diffraction 

patterns measured during the staircase potentiostatic protocol will also help to understand the structural 

evolution of Ni under electrochemical potential control and during HOR in alkaline electrolyte in detail. In 

conclusion, we were able to measure in situ WAXS on highly active Ni-based HOR catalysts. A deeper 

analysis of the data with Rietveld refinement is expected to provide additional information to clarify the 

poisoning mechanism and understand the causes of activity loss for Ni-based HOR catalysts. 
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