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Publishable project summary

Facing a period of climate emergency and energy crisis, Europe needs to rethink the energy 
market and the industry with innovative solutions based on renewable sources. KESPER 
adopts a disruptive approach by tackling simultaneously two of the most critical emerging 
paradigms: hydrogen and ammonia production. KESPER is a high-risk and high gain 
proposal to address these challenges, by means of the development of a eco-friendly and 
scalable photocathode based on chalcogenide absorber to produce solar hydrogen and 
ammonia.  
We have investigated various pathways to achieve high-quality kesterite thin films through 
cation-site doping and anion substitution. We found that solution processing route bypasses 
the complexities encountered in traditional vacuum processing approach and enables 
homogenous films with tunable bandgaps in the range 1.1-1.6 eV by varying Se and S 
amounts. The good solar cell performance of these films did not translate into 
photoelectrochemical devices due to their unstable behavior in aqueous environments in 
PEC water splitting. The aqueous stability proved to be a major bottleneck to advanced 
kesterite thin films. We explored alternative novel wide band gap chalcogenide functional 
materials- Cu(In,Ga)S2 (~ 1.8 eV) and Sb2S3 (1.7 eV) as absorbers. CIGS-based 
photocathode demonstrated promising catalytic activity towards water splitting and nitrate 
reduction for hydrogen and NH3 production respectively, along with operational stability of > 
10 h in aqueous media without requiring any protection layer or catalyst. Combined 
spectroelectrochemical, electronic and structural investigations show that surface 
composition plays a key role and In and Ga sites at the surface of a Cu-deficient CIGS steer 
the catalytic activity and hydroxide-formation leads to self-passivation in these films. Thus, 
composition-engineering is indispensable to make chalcogenide absorber suitable for PEC 
application. Remarkably, the CIGS photocathodes not only show water splitting but also 
nitrate (NO3

-) reduction directly to NH3 and not rate-limiting nitrite (NO2
-) as end-product.  

We realized that the single junction devices will always limit the performance of a PEC 
device, and tandems are necessary to break the bottleneck. The high temperature 
processing of CIGS prohibits its integration in typical bottom cells, such as silicon. Therefore, 
we designed multilayer tandem architecture by integrating Sb2S3 absorber directly on 
industrially compatible textured-silicon and applied various functional layers to facilitate 
charge transfer, recombination and catalytic activity. The scalable tandem PEC 
device demonstrated unassisted water splitting with operational stability of > 10 h.
The functional materials developed in KESPER will serve as a new generation of 
photoelectrode materials based on tunable chalcogenide absorbers that are expected to 
outperform conventional photoelectrodes and open new opportunities for solar fuels 
production. The proof of concept developed in KESPER will have important implications in 
a wide range of energetic and environmental research and commercial areas (energy 
sector, agriculture, transportation, chemical and pharmaceutical industry). Besides, the 
strong inter- and multidisciplinary approach (chemical, physical, engineering and materials 
science) of this proposal is expected to advance the fundamental research on 
photoelectrochemical systems.
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