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Report: 

 

1. Aim and methodology 

 

The present work investigates compositional changes of Ni, Cu, and NiCu co-catalysts on a TiO2 photocatalyst 

for H2 evolution under transient UV illumination. For this, we performed in-situ XAS measurements in 

fluorescence mode on 10 nm-thick nanocrystalline Ni, Cu, and NiCu co-catalyst thin films on ~8 μm-thick 

mesoporous TiO2 layers. Experiments were conducted in de-ionized H2O and H2O/MeOH (20 vol%) solutions, 

under intermittent illumination conditions (i.e., light on/off cycles). The summary of the experiments is shown 

in Table 1. 

 

Table 1. Summary of experiments  

 

Experiment  Catalyst Solution Illumination sequence 

Ni_H2O Ni_TiO2 H2O Dark1 → UV → dark2 

Cu_H2O Cu_TiO2 H2O Dark1 → UV → dark2 

NiCu_H2O NiCu_TiO2 H2O Dark1 → UV → dark2 → UV2 → dark3 

Ni_MeOH Ni_TiO2 20 vol% MeOH/H2O Dark1 → UV → dark2 

Cu_MeOH Cu_TiO2 20 vol% MeOH/H2O Dark1 → UV → dark2 → UV2 

NiCu_MeOH NiCu_TiO2 20 vol% MeOH/H2O Dark1 → UV → dark2 → UV2 

 

For the in-situ measurements, we adapted a homemade cell (as sketched in Figure 1a) that we used in our 

previous work[1]. To grant transparency to both X-ray and UV light, a Mylar window was used. We used a UV 

LED light source emitting at 365 nm with a power density of ca. 100 mW/cm2. The co-catalyst oxidation state 

was probed by time-resolved X-ray fluorescence spectroscopy, by acquiring Ni and Cu K-edge XANES spectra. 

To improve the signal-to-noise ratio, groups of 20 scans were merged and then fitted using the software Athena. 

This provides a time resolution of ca. 30 minutes. To minimize beam damage, a beam size of 200 μm  400 μm 



was chosen and a scanning pattern was created to acquire each spectrum at a previously unexposed location. To 

minimize sample exposure to the X-ray beam, the fast shutter was kept always closed except during data 

acquisition.   

  

2. Results and discussion 

 

Before starting the in-situ experiments, references were measured to perform linear combination fitting. Said 

references were: 100 nm thick sputter-deposited films on SiO2 wafer, and powders of NiO, Cu2O and CuO. The 

obtained spectra presented severe spectral distortion caused by self-absorption. For this reason, we disregarded 

such reference spectra and fitted the XANES spectra using reference spectra obtained in transmission mode in 

previous beam times (e.g., at DESY, Hamburg, Germany). Such reference spectra used for fitting were obtained 

for metallic Ni and Cu foils, powders of NiO, Ni(OH)2, Cu2O and CuO, and aqueous NiSO4 solution. 

 

We discuss in the present report only data for experiment “Ni_H2O” for the sake of brevity. 

 

Ni_H2O:  Figure 1b shows the trend of atomic fraction over time for different Ni phases obtained by fitting the 

in-situ XANES spectra for experiment “Ni_H2O”. Due to the similarity between XANES spectra of NiO and 

Ni(OH)2, the sum of their fractions is plotted as Ni2+ (solid) for ease of interpretation. The as-prepared sample 

was analyzed ex-situ. The XANES data indicate that the as-prepared co-catalyst (time = 0 min) is composed of 

metallic and oxidized Ni (NiO/Ni(OH)2) with a ratio of 1:1. The co-catalyst oxidization might be caused by i) 

air exposure, and/or ii) O2 uptake during the sputtering procedure. After immersing the Ni-TiO2 photocatalyst 

in de-ionized H2O in the in-situ cell, a slight decrease in the atomic fraction of Ni2+ can be observed in the first 

18 minutes. This composition change can be explained considering the dissolution of the surface oxide layer. 

The system then proves to be stable over time (up to 136 minutes after immersion), as no further change in the 

oxidation state of the co-catalyst film can be observed.  

 

UV1: More remarkable changes, however, occur during UV illumination (“UV” in Figure 1b): after 

approximately 40 minutes of UV light irradiation, the Ni co-catalyst layers starts to oxidize rapidly and no 

metallic Ni can be detected after 100 minutes of UV irradiation. At the same time, the formation of aqueous 

Ni2+ can be observed. These results indicate oxidation of the Ni co-catalyst followed by dissolution of oxidized 

Ni species. This is consistent with what was observed by Crozier et al.[2], who suggested that metallic Ni is 

oxidized by hydroxyl radical (OH∙, formed by photogenerated holes, see below Eq. 5) and then dissolved in 

H2O.   

 

Dark2: After switching off the UV illumination (“dark2” in Figure 1b), no Ni2+ ions can be probed, and the 

results of fitting indicate that Ni is fully oxidized and present as solid Ni2+ species, likely in the form of a mixture 

of NiO and Ni(OH)2 (solid) phases. This might be due to a dynamic equilibrium between the oxidized layer 

dissolution and the ions diffusion from the probed area. Note that the beam size is 0.08 mm2 , i.e., the probed 

volume of aqueous solution is small, and once Ni2+ ions are no longer formed, they might diffuse towards the 

solution bulk. In other words, once the UV light is turned off, the Ni oxidation/dissolution ceases, which causes 

the concentration of solvated Ni2+ ions in the probed volume to decrease below the detection limit, due to ion 

diffusion towards the solution bulk. Other characterization techniques, e.g., SEM, XPS, ICP-MS, etc., along 

with online GC measurements to evaluate the kinetics of H2 evolution, are required to validate this interpretation. 

 



 
 

Figure 1. a) sketch of the in-situ XAS cell; the red ellipse indicates the region of interest, i.e., the co-catalyst 

film and the thin liquid film between the sample and the Mylar window; b) linear combination fitting results of 

XANES spectra of experiment Ni_H2O. 

 

 

3. Conclusion  

 

The obtained data allow for following in-situ the behavior of nanocrystalline Ni co-catalytic thin films on 

mesoporous TiO2 in pure water. Summarizing, no significant changes occur in the Ni co-catalyst without UV 

illumination. However, irradiation with UV light causes the complete oxidation of the co-catalyst thin film and 

its partial dissolution according to the following reaction scheme (Equations 1-3): 

 

TiO2 + ℎ𝜐 → TiO2 + e− + h+   (1) 

Ni + 2h+ + H2O → NiO + 2H+   (2) 

2H+ + 2e− → H2     (3) 

 

To the best of our knowledge, our results provide the first experimental in-situ evidence to corroborate the 

observation of Crozier et al.[2] who observed Ni oxidation and dissolution by performing ex-situ ICP-MS 

measurements, and proposed the following mechanism (Eq. 5-6), consequent to Eq. 1-3: 

 

   H2O + h+ → OH ∙ +H+    (5) 

2H+ + Ni + 2OH ⋅ → Ni2+ + 2H2O   (6) 

 

We plan to complement the obtained XAS data with results from ex-situ analytical techniques (e.g., XPS, ICP-

MS, etc.) and of photocatalytic experiments combined with online head space analysis by gas chromatography 

(GC). The same will be done for Cu and NiCu modified TiO2 photocatalysts. 
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