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Electrolysis of water is a technique with the potential 
to convert electricity into clean hydrogen for energy 

storage and conversion applications. To increase the 
production efficiency of hydrogen for the growing demands 
of energy and environmental issues, the development of 
efficient and reliable catalysts is crucial. The anode materials 
responsible for the oxygen evolution reaction (OER) during 
water electrolysis have been identified as a bottleneck 
due to their intrinsically sluggish kinetics. Many groups 
are devoted to developing and optimizing these catalysts 
through morphology engineering and modification of 
the electronic structure to improve the OER efficiency. To 
understand the origin of the enhancing catalytic reactivity, 
different techniques, such as X-ray absorption spectroscopy, 
X-ray diffraction, and X-ray photoelectron spectroscopy 
(XPS), are applied to probe these novel materials. Among 
these techniques, XPS is a powerful technique that can 
provide the elemental composition, chemical state, 
and electronic state of materials within nanometers of 
the sample surface. Nowadays, ambient pressure X-ray 
photoelectron spectroscopy (APXPS) integrated with 
ingenious sample cells provides scientific opportunities to 
probe the change of chemical composition between phases 
during the reaction process. 

Fig. 1:	 PMEC cells at TLS 24A1. (a) Schematic representation of the PEMC cell with the static electrolyte. (b) Photographic image of the PMEC cell 
with a continuous electrolyte flow system connected to the APXPS endstation. (c) Photographic image of the PMEC cell head with a continuous 
electrolyte flow system within the analysis chamber of the APXPS endstation. [Reproduced from Ref. 1]

Fig. 2:	 Schematic of surface oxide species evolution of the Pt 
electrocatalyst during redox polarization. [Reproduced from 
Ref. 1]

Probing the Liquid–Solid Interface by Ambient Pressure 
X-ray Photoelectron Spectroscopy
Novel polymer membrane-based electrochemical liquid cells allowed the investigation of surface species evolution under 
electrochemical conditions through APXPS measurements at TLS 24A1.

Recently, Chueh-Cheng Yang and Chia-Hsin Wang 
(NSRRC) have developed a polymer membrane-based 
electrochemical liquid cells (PMEC cells) system combined 
with the APXPS chamber at the beamline TLS 24A1 
(Fig. 1), which can obtain in operando XPS spectra under 
electrochemical conditions. Using the ion exchange 
membranes as the separators between the electrolyte 
and the vacuum, ions and water can diffuse through the 
membrane onto the electrocatalysts. The thin layers of 
the ion and water on the electrocatalysts’ surface serve 
as the reactant for the electrochemical reactions and 
allow the electron energy analyzer to detect the escaping 
photoelectrons from the surface of the catalysts. Using these 
novel liquid cells with the APXPS, changes in the surface 
species on the catalyst’s surface during the reaction can be 
probed to reveal the active sites and reaction mechanism. 

The group studied the surface species evolution of a low-
loading Pt catalyst deposited on a Nafion membrane in 
an acidic environment.1 Employing operando APXPS 
measurements, the dynamic transformation of oxide 
species (Ptδ+, Pt2+, and Pt4+) at different potentials within 
the water layer formed by a 0.05 M H2SO4 solution from 
the back of the membrane. Their findings revealed that the 
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amount of Pt2+ increased with increasing anodic potential 
and, interestingly, Pt4+ suddenly formed when the applied 
voltage was set to cross the threshold voltage (1.75 VRHE) 
of the OER. Valence-band measurements unveiled a 
decrease in electron density near the Fermi edge as the 
amount of Pt4+ on the surface increased. This may have 
improved the adsorption of hydroxyl groups and water. 
Furthermore, depth-profiling studies were conducted 
to illustrate the surface oxide species evolution during 
the redox polarization, as shown in Fig. 2. The results 
indicate that Ptδ+ was gradually converted into Pt2+ on the 
surface as anodic polarization was applied before the OER 
(1.05–1.65 VRHE), resulting in a mixed-valence surface 
of the Pt catalyst. However, the behavior of the Pt4+ was 
rather different, appearing at the subsurface of the catalyst 
in the early stage of OER (applied voltage was set higher 
than 1.65 VRHE), followed by an increment in the surface of 
the catalysts at a higher potential (2.65 VRHE). The results 
suggest that proper valence states on the surface can further 
enhance the adsorption of water and hydroxyl groups and 
facilitate OER activity at the interface between metallic Pt 
and thin, porous oxide layers on the surface.

Furthermore, the team collaborated with Yu-Hsu Chang 
(National Taipei University of Technology) to uncover the 
active species of the transition metal-based OER catalyst in 
the alkaline environment.2 The study focused on a series of 

Fig. 3:	 Relative Co 2p diagrams of (a) FeCo2O4/NF, (b) Zn0.2Fe0.8Co2O4/NF, (c) Zn0.4Fe0.6Co2O4/NF, and (d) Zn0.6Fe0.4Co2O4/NF. The applied potentials of 
OCP, 1.3, 1.5, and 2.0 V vs RHE were selected to conduct APXPS spectra. [Reproduced from Ref. 2]

Zn-substituted iron cobaltite spinel (ZnxFe1-xCo2O4, 0 < x 
< 0.6 in intervals of 0.2) on nickel foam (NF), which were 
synthesized through a hydrothermal process. Among the 
catalysts with different substitution ratios, Zn0.4Fe0.6Co2O4/
NF exhibited the highest OER performance, reaching an 
overpotential of 330 mV at a current density of 50 mA 
cm2 in 1 M NaOH, while the overpotential of FeCo2O4/NF 
was 395 mV. The operando APXPS analysis summarized 
in Fig. 3 showed that the catalysts are composed of Co in 
spinel, Co(OH)2 and CoO(OH) in the OCP state, whereas 
Zn0.4Fe0.6Co2O4/NF has the highest Co(OH)2 compared to 
other samples. Meanwhile, the deconvolution results of the 
Co 2p spectra showed the highest formation of Co(IV)O2 
for the Zn0.4Fe0.6Co2O4/NF sample under OER conditions. 
Co(IV)O2 is an important intermediate and leads to higher 
OER performance. The results are in agreement with the 
OER performance, suggesting that the activity of FeCo2O4/
NF can be enhanced with well-controlled amounts of Zn 
substitution.

In summary, PMEC cells were successfully developed 
and combined with APXPS for operando investigation of 
the chemical state changes on the catalyst surface under 
electrochemical reactions. Electrochemical reactions can 
be performed under a wide-range of pH environments 
by carefully choosing different ion exchange membranes. 
Moreover, the chemical states and formation mechanism 
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The escalating concentration of 
atmospheric CO2 has led to severe 

global warming and climate change. 
The electrochemical CO2 reduction 
reaction (CO2RR) is regarded as a 
promising avenue for both alleviating 
CO2 levels while concurrently yielding 
valuable products such as ethylene 
and ethanol. The utilization of a flow 
cell is pivotal for establishing an 
industrially viable CO2RR process, 
substantially amplifying catalytic 
performance, especially in terms 
of catalytic current density, with 
enhancements ranging from ten to 
a hundredfold. This highlights the 
distinctive catalytic environment 
and behavior characteristics of a 
flow cell. To unveil the authentic 
properties of a catalyst within a flow 
cell, Sung-Fu Hung (National Yang 
Ming Chiao Tung University) and 
his team meticulously devised a 
flow cell tailored for operando X-ray 
absorption spectroscopy (XAS) 
during CO2RR, accurately replicating 
the electrocatalytic conditions.1 
This innovative technique allows 
assessment of the authentic forms of 
the catalysts in diverse catalyst systems 
and facilitates the development of 
synthetic strategies aimed at achieving 
high catalytic activity.

Fig. 1:	 (a) Operando XANES and valence-state analyses for CuCO3 and CuBaCNT during 
CO2RR. (b) Operando XANES and linear combination fitting for Cu2O(CO) at open-
circuit potential (OCP) and 500 mA cm−2 during CO2RR. [Reproduced from Refs. 2 
and 3]

of the active species can be explored by operando APXPS 
measurements. This crucial information serves as a 
foundation for designing and optimizing electrocatalysts 
with better performance. (Reported by Chia-Hsin Wang)

This report features the work of Chia-Hsin Wang and his 
collaborators published in ChemCatChem 15, e202300359 
(2023), and the work of Yu-Hsu Chang and his collaborators 
published in ACS Catal. 13, 13434 (2023).
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Operando X-ray Absorption Spectroscopic Studies within  
a Flow Cell for Carbon Dioxide Reduction Reaction
Utilizing a flow cell can significantly boost the catalytic activities of the carbon dioxide reduction reaction. Employing an 
operando flow cell that mimics the catalytic environment allows for the investigation of the chemical and structural evolution in 
highly efficient catalysts.




