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Abstract  

Chromium oxide (Cr2O3) can be used as a protective layer for photocatalysts to improve 

photocatalytic water splitting activity and is commonly photodeposited. However, it is not known 

how the conditions of the Cr2O3 formation affect the formation of the protective layer and potential 

diffusion into the substate onto which the Cr2O3 has been deposited. We have investigated the stability 

of Cr2O3 photodeposited onto the surface of different crystal phases of TiO2 with subsequent 

annealing at a range of temperatures up to 600⁰C. X-ray photoelectron spectroscopy and synchrotron 

near-edge X-ray absorption fine structure were used to analyse the chemical composition of the 

sample, Neutral impact collision ion scattering spectroscopy was used to study the concentration 

depth profile of the elements in the sample and atomic force microscopy was used to investigate the 

morphology of the surface. Under annealing conditions, the Cr2O3 layer diffuses into the amorphous 

and anatase phases of TiO2 but remains at the surface of the rutile phase. This finding is attributed to 

differences in surface energy with Cr2O3 being higher in surface energy than the amorphous and 

anatase phases of TiO2 but lower in surface energy than the rutile phase of TiO2. Reduction of Cr2O3 

to Cr metal was observed after annealing with no observation of the formation of higher oxidised 

forms of chromium oxide like CrO2 and CrO3. These findings are of general interest to researchers 

utilising a protective overlayer to augment photocatalytic water splitting. 
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Introduction 

The world is currently facing the issue of global warming and associated problems, the leading cause 

of which is fossil fuels 1, 2. Due to its physical and chemical properties, hydrogen is a suitable 

substitute renewable energy source for fossil fuels as a transportation fuel and an energy carrier 1, 3. 

Hydrogen found on earth is usually part of chemical compounds, for instance, hydrocarbons and 

water. Many methods exist to produce hydrogen 1, including renewable and non-renewable methods. 

Photocatalytic water splitting is a method for producing hydrogen using solar energy. This process 

produces hydrogen by splitting water into hydrogen and oxygen using semiconductor materials as 

photocatalysts and has been improved using noble metals as co-catalysts 4-7. However, noble metals 

also encourage the reverse reaction of the hydrogen and oxygen, resulting from water splitting, 

decreasing the efficiency of the photocatalytic water splitting. Therefore, it is desirable to develop 

methods for suppressing the reverse reaction. 

Domen and co-workers established that the oxygen reverse reaction could be blocked using chromium 

(III) oxide (Cr2O3) overlayers after the photodeposition of rhodium nanoparticles onto 

(Ga1−xZnx)(N1−xOx). The Cr2O3 layer increases efficiency by preventing the oxygen from reaching 

the substrate surface and recombining as water. This is due to the permeability of protons and evolved 

H2, but not O2, through the Cr2O3 layer. 8-16 There is evidence that through this mechanism, Cr2O3 

overlayers deposited onto the photocatalyst substrate leads to an enhancement of the photocatalytic 

water splitting activity 8-20. 

Cr2O3 layer functionality has been explored in electrocatalytic and photocatalytic systems using a 

platinum disk electrode and platinum nanoparticles deposited onto SrTiO3 with a variety of redox 

species by Qureshi and co-workers. 21. It has been found that using the Cr2O3 layer with both systems 

improves the hydrogen evolution reaction, even in the presence of redox species. 

A remarkable improvement of photocatalytic water splitting activity was recently reported by Negishi 

and co-workers using a Cr2O3 layer over Au25-loaded BaLa4Ti4O15 (BLTO) 22. The Au clusters were 
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deposited as a co-catalyst after the photodeposition of the Cr2O3 layer, followed by calcination in 

vacuum to migrate the clusters between the Cr2O3 layer and the BLTO substrate according to the 

strong metal-support interaction (SMSI) mechanism. The authors considered that the migration 

occurs due to the high surface energy of Au clusters. They found that the Cr2O3 layer enhanced the 

stability of the Au clusters and improved the photocatalytic water splitting activity to 19 times greater 

than that of Au25−BaLa4Ti4O15 without a Cr2O3 layer 22. 

Photodeposition was applied in the above studies to deposit the Cr2O3 layer onto the substrate. 

Photodeposition is based on light-induced electrochemistry, which involves oxidation and reduction 

at the surface of metal oxide. This deposition mechanism can be achieved by the illumination of a 

semiconductor immersed into an aqueous solution of Cr2O3 with photon energy greater than the band 

gap of the substrate to excite electrons from the valance band to the conduction band, leaving a hole 

in the valance band. The reduction will occur by the electron acceptor at the conduction band, and 

the oxidation will occur by the electron donor at the valance band 23. In the case of the Cr2O3 layer, 

K2CrO4 using Cr (VI) cations is used as a source for photodeposited Cr2O3 on the surface of metal 

oxides24, 25. 

Understanding the Cr2O3 overlayer stability at elevated temperatures on metal oxides is a 

prerequisite for assessing its suitability and role for the protection function of the overlayer because 

heating of the samples is applied in the preparation of the photocatalyst. The purpose of this work is 

to investigate the diffusion and chemical composition of the Cr2O3 photodeposited layer on TiO2 as 

a function of parameters which are relevant for the process of depositing Cr2O3 overlayer. The 

parameters are (i) the heating temperature of the samples after depositing the Cr2O3 overlayer and (ii) 

the crystal phase of the TiO2 substrate. The Cr2O3 deposition and heating procedure was applied using 

different crystal phases of TiO2 (amorphous, anatase and anatase:rutile) to investigate how the 

diffusion of Cr2O3 depends on the surface energies of different crystal phases of TiO2. 

The surface of the sample was characterised using the highly surface-sensitive technique of X-ray 

photoelectron spectroscopy (XPS). Near-edge X-ray absorption fine structure (NEXAFS) is a 
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powerful technique providing direct information using a synchrotron X-ray source and was used to 

study the oxidation state and local chemical environment. Neutral impact collision ion scattering 

spectroscopy (NICISS) was used to investigate the concentration depth profile of the elements in the 

sample. Atomic force microscopy (AFM) was used to provide information on the topography and 

average roughness of the sample surfaces. 

 

Experimental Methods and Techniques 

Material and Sample Preparation: 

A precursor TiO2 film was prepared by a high vacuum radio frequency (RF) magnetron sputtering 

device (HHV/Edwards TF500 sputter coater). The TiO2 film was deposited on a silicon wafer by 

sputtering a target of ceramic TiO2 using Ar+. The thickness of the TiO2 was approximately 82 ± 

5  nm as determined by cross–section scanning electron microscopy (see Figure S1). The crystal 

phase of the deposited TiO2 film was amorphous. The wafer was cut into 1 cm x 1 cm samples for 

photodeposition of the Cr2O3 layer. 

The conversion of TiO2 into its two main phases can be achieved through heating. The phase structure 

of the TiO2 was determined using X-ray diffraction (XRD) (Figure S2). The anatase crystal phase 

was obtained by heating the sample in air for 3 hours at 900 ⁰C with a heating rate of 10.2 ℃/min, 

while a mixed phase of anatase:rutile was made by heating the sample in air for 18 hours at 1100 ⁰C. 

The mixed phase was estimated to be 50:50 anatase and rutile according to the intensity of the main 

peaks in XRD of anatase and rutile (Figure S2). The average crystalline domain size of anatase was 

6.6 nm and rutile 7.6 nm. These were obtained from the broadening of anatase and rutile main peaks 

(Figure S3). The different TiO2 samples are hereafter referred to as (i) aTiO2 (i.e. amorphous titania), 

(ii) anatase and (iii) anatase:rutile. Note that the density of amorphous, anatase and rutile is 2.9-3.8 

g/cm3, 3.78 g/cm3 and 4.23 g/cm3. 
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Chromium metal (Cr target 99.9%, Quorumtech), Chromium oxide (Cr2O3 99%, BDH) and potassium 

chromate (K2CrO4 ≥99%, Sigma-Aldrich) were used as obtained. The photodeposition procedure is 

summarised in Figure S4. The K2CrO4 solution was prepared using deionised water with a 

concentration of 0.5 mM. The TiO2 sample (1 cm x 1 cm) was immersed in 1 mL of K2CrO4 solution 

and irradiated for 1h. The illumination source was a UV LED at 365 nm (Vishay, VLMU3510-365-

130) with a radiant power of 690 mW at a distance of ~1 cm from the sample. Subsequent to the 

K2CrO4 solution exposure, the sample was rinsed with deionised water and dried using nitrogen gas. 

These samples are hereafter referred to as (i) aTiO2-Cr2O3, (ii) anatase-Cr2O3 and (iii) anatase:rutile-

Cr2O3. 

The heat treatment was applied to all titania samples at ultrahigh vacuum (10−8 mbar) for 10 min at 

various temperatures (200⁰C, 300⁰C, 400⁰C, 500⁰C and 600⁰C) with a total of 50 min annealing for 

each sample with an average heating rate of ~ 20 ℃/min. The XPS measurements were applied 

between each temperature using the same sample. Further, to investigate the diffusion of Cr2O3 layer, 

the amorphous crystal phase was sputtered using Argon gas to remove atoms from the surface for 30 

min, 60 min, 90 min and 120 min with an energy of 3 keV at sputter dose of 1.2×10+15 ions/cm2 for 

each 30 minute period. Note that the sample was exposed to atmosphere after annealing. XPS was 

recorded after each sputtering period using the same sample. 

Methods: 

• X-ray Photoelectron Spectroscopy (XPS) 

XPS was used to study the elemental chemical composition of the sample surface 26. Mg Kα with 

excitation energy of 1253.6 eV was used as an X-ray irradiation source to excite the photoelectric 

effect. The kinetic energy of the electrons emitted from the samples was analysed with a SPECS 

PHOIBOS-HSA 3500 hemispherical analyser with a pass energy of 10 eV at a base pressure of a few 

10-10 mbar. The calibration of the energy scale of the XP spectra is described in the supplementary 

section after Figure S5. Relative intensities were calculated using the areas of the fitted peaks. The 
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transmission function and cross-section need to be taken into account when calculating the relative 

intensity 27. 

Angle-resolved X-ray photoelectron spectroscopy (AR-XPS) was also applied to measure the 

concentration depth profiles. Due to the constant electron mean free path, the depth from which 

electrons can be detected changes with the angle of the angle of observation 28. The distance for the 

electron that emitted from an atom to travel and pass through the surface is longer with the larger the 

angle of observation. A species is enriched at the surface in case the intensity in an AR-XPS 

experiment increases with an increasing angle of observation. 60° was the maximum angle of 

observation used to avoid the elastic scattering photoelectron effects within the sample, which affect 

the XPS signal 29-31. 

• Synchrotron beamline 

a) Synchrotron X-ray Photoelectron Spectroscopy (Synchrotron XPS) 

XPS was also undertaken at the soft X-ray beamline at the Australian Synchrotron using a SPECS 

PHOIBOS 150 hemispherical electron analyser with a photon energy of 750 eV. The X-ray beam was 

adjusted to yield an irradiation spot size of ca. 320×320 μm . High-resolution XPS spectra of C 1s, O 

1s, Ti 2p, Cr 2p and Au 4f were recorded with a pass energy of 10 eV. The C 1s peak position at 

285 eV was used to calibrate all spectra to correct for charging effects. The photon energy was 

calibrated by measuring the Au 4f (84 eV) peak position. 

b) Near-Edge X-ray Absorption Fine Structure (NEXAFS) 

NEXAFS, also known as X-ray absorption near-edge structure (XANES), was applied to identify 

chemical changes of the elements. NEXAFS is sensitive to the bonding environment formed around 

the absorbing atom32. NEXAFS is usually used as a fingerprint for identifying the chemical state of 

a specific element. It was used in the present study to investigate the chemical state of Cr on the 

samples. It was recorded using the soft X-ray spectroscopy beamline at the Australian Synchrotron. 
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NEXAFS spectra were recorded at the Cr L-edge (570−600 eV), O K-edge (520−565 eV) and Ti L-

edge (450−475 eV). The NEXAFS data were processed using the Quick AS NEXAFS Tool 33. 

• Neutral Impact Collision Ion Scattering Spectroscopy (NICISS) 

NICISS is a surface-sensitive technique that can be used to determine concentration depth profiles of 

elements up to a depth of ~30 nm. In the present work, Helium was used as projectiles with a kinetic 

energy of 3 keV. The energy of the backscattered projectiles is determined by their time of flight from 

the target to the detector. From the energy loss during the backscattering process the mass of the atom 

from which the projectile was backscattered can be determined. Also, the depth of the atom can be 

determined from which projectile has been backscattered based on the continuous energy loss of the 

projectile due to electronic excitations and small-angle scattering on their trajectory through the 

sample. The energy loss due to backscattering and the stopping power allows for determining the 

concentration depth profile of the elements in the sample. This technique is described in detail in 34-

36. 

• Atomic Force Microscopy (AFM) 

AFM mages were acquired using a Bruker Multimode 8 AFM with a Nanoscope V controller using 

tapping mode in air, with all parameters including set-point, scan rate and feedback gains adjusted to 

optimize image quality. The AFM probes used were Mikromasch HQ:NSC15 Si probes with a 

nominal spring constant of 40 N m−1 and a nominal tip diameter of 16 nm. The scanner was calibrated 

in x, y and z directions using silicon calibration grid (Bruker model numbers VGRP: 10 μm pitch, 

180 nm depth, PG: 1 µm pitch, 110 nm depth). All analysis of AFM images was performed using 

Nanoscope analysis software version 1.4. Three 4 × 4 μm images were acquired on each sample at 

separate locations (i.e., the tip was disengaged from the surface and moved some hundreds of microns 

in the X and Y directions before re-engaging). Presented AFM topography images have been flattened 

and the average roughness, Ra, of each image was determined using the roughness analysis function 

in the Nanoscope analysis software.  
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• X-ray diffraction (XRD)  

XRD patterns were collected using a Bruker D8 diffractometer with an irradiation source of Co-Kα 

(λ = 1.789 Å) at 35 kV and 28 mA. XRD patterns were scanned over the 2theta range of 20 to 80 for 

10 min. 

Results and Discussion 

(a) Room Temperature Studies 

High resolution XP spectra of Cr, Ti, C and O are shown in Figures S6 and S7 and the binding energies 

are listed in Table S1. Below Table S1, the calibration of the binding energies is described. Briefly, 

the elements Cr, Ti, C and O were identified: Cr is assigned to Cr2O3, Ti assigned to TiO2, C is 

assigned to adventitious hydrocarbons and O assigned to TiO2 and Cr2O3. AR-XPS was used to 

confirm the formation of Cr at the surface of aTiO2 pre-annealing. Figure 1 shows the relative 

intensities of Ti and Cr of aTiO2-Cr2O3 for the AR-XPS measurements for six different angles (normal 

0°, 30°, 40°, 45°, 50° and 60°). It can be seen that the Ti intensity decreases with an increasing angle 

of observation while the Cr intensity increases, meaning that the Cr content is increased at the surface 

and forms a layer covering the aTiO2. The Ti 2p and Cr 2p spectra at each angle are shown in Figure 

S8 in the supplementary information. 

AR-XPS can be used to determine the layer thicknesses 37. Eschen et al. have described the procedure 

in detail in 38. The concentration depth profile of aTiO2-Cr2O3 are showing in Figure S9. The depth 

profile measurement interpreted that the thickness of Cr is ~ 11 Å (1.1 nm) (see Figure S9 for more 

information).  
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Figure 1: AR-XPS relative intensities of Titanium and Chromium for the aTiO2-Cr2O3 sample. 

 

    

   
Figure 2: (A) Cr L-edge NEXAFS spectra of chromium metal and Cr2O3 reference samples. (B) Cr 

2p XP spectrum of chromium metal reference sample. (C) Cr L-edge NEXAFS spectra of Cr2O3, CrO2 

and CrO3 from reference 39, (D) Cr L-edge NEXAFS spectra of aTiO2-Cr2O3 and Cr2O3 reference for 

comparison. It should be noted that the reference spectra for Cr2O3 in panel A, C and D are the same. 
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NEXAFS was used in the present study to investigate the chemical state of Cr on the samples. 

NEXAFS Cr L-edge spectra are shown in Figures 2A, 2C and 2D. The Cr L-edge spectra show two 

strong absorption edges: the Cr L3-edge at the low energy (~578 eV) and Cr L2-edge at the high 

energy (~586 eV). 

Chromium metal sample was used here to determine metallic Cr L-edge spectrum in NEXAFS. The 

metallic Cr and Cr2O3 spectra appear in Figure 2A with three different features for the metallic Cr 

spectrum. The first feature is that the Cr L3-edge of the metallic Cr spectrum starts before 575 eV, 

while the Cr2O3 spectrum starts after 575 eV. The second feature is that the Cr L3,2-edges of the 

metallic Cr spectrum have fewer sharp peaks comparing to the Cr L3,2-edges of the Cr2O3 spectrum. 

These peaks are indicated with black arrows in the figure. Note that the peak at 576.5 eV becomes a 

shoulder in the Cr metal spectrum. The third feature appears at the photon energy of 584 eV, which 

is an interference of a small peak on the tail of Cr L2-edge. This peak is also indicated by a black 

arrow in the figure. These features are essential for distinguishing the difference between metallic Cr 

and Cr2O3 in Cr L3,2-edge spectra. 

Figure 2B shows the Cr 2p XPS spectrum of the metallic Cr reference sample. The two peaks in the 

spectrum indicate that the metallic Cr reference sample also contains Cr2O3 (30:70). Note that this 

XPS ratio depends on the depth profile of XPS, which would be different for NEXAFS. The metallic 

Cr sample contains Cr2O3 at the surface due to the exposure to the air. When Cr atoms at the surface 

come into contact with oxygen molecules from the air, the surface atoms oxidise to form an oxide 

layer 40. Therefore, XPS spectrum of the metallic Cr reference sample demonstrates this as a mixture 

of Cr and Cr2O3. Thus, the NEXAFS spectrum of the metallic Cr reference sample should be 

considers as mixture of Cr and Cr2O3. 

In Figure 2C 39, reference spectra of the Cr L2,3-edges of Cr2O3, CrO2 and CrO3 can be found, which 

can be used as fingerprints of the chemical state of Cr. It can be seen that both references spectra have 

different lineshapes. This can be seen clearly in the Cr L3-edge for CrO2 and CrO3 where the main 

peak shifts to high energy with a high oxidation state. 
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Figure 2D shows the Cr L-edge spectra of Cr2O3 and aTiO2-Cr2O3, which both have the same 

lineshape. This demonstrates that the chemical state of Cr photodeposited onto aTiO2 is chromium 

(III) oxide (Cr2O3). Also, the chemical state of Cr on the various substrates (anatase and anatase:rutile) 

was the same as evident from XPS (see Figure S10). 

    

Figure 3: O K-edge NEXAFS spectra of (A) (i) anatase, (ii) rutile, (iii) Cr2O3, (iv) CrO2 and (v) CrO3 

from reference 41 (Reprinted from reference 41 with permission from Elsevier) and (B) Cr2O3, aTiO2 

and aTiO2-Cr2O3. 

Figure 3A shows the previously reported O K-edge spectra of Cr2O3, CrO2, CrO3, anatase and rutile 

41. It can be seen that the CrO2 and CrO3 spectra main peaks are observed at 528 eV and 529 eV, 

while the Cr2O3 spectrum main peak is observed at 532 eV. These main peaks can be used as 

fingerprints to indicate the oxidation state of Cr in the NEXAFS O K-edge spectrum. Anatase and 

rutile have different fingerprints in NEXAFS and are related to different oxidation states of Cr, which 

are the two main peaks observed in the spectra at 531 eV and 533 eV. 

Figure 3B shows the O K-edge spectra of aTiO2, Cr2O3 and aTiO2-Cr2O3. Note that the Cr2O3 

spectrum shows a small peak at 529 eV, which is assumed to be a small amount of contamination 

with CrO3 in the sample. The O K-edge spectrum of aTiO2-Cr2O3 has the combined lineshape of the 

aTiO2 and Cr2O3 spectra with no features of CrO2 or CrO3 observed. 
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Figure 4: XPS relative amount of Cr 2p to Ti 2p of Cr2O3 photodeposited onto the different phases 

of TiO2 after annealing at various temperatures. 

(b) Annealing Studies 

Figure 4 shows the relative amount of Cr2O3 and TiO2 from XPS measurements at different annealing 

temperatures for photodeposited Cr2O3 on the different phases of TiO2. Note that the Cr 2p had to be 

fitted by taking the Ti 2s energy loss peak into consideration because it occurs in the same spectral 

region (see Figure S11 for more information and accompanying text). The Cr 2p and Ti 2p spectra of 

aTiO2-Cr2O3, anatase-Cr2O3 and anatase:rutile-Cr2O3 as a function of annealing temperature are 

shown in Figure S6. The peak position of Cr 2p3/2 and Ti 2p3/2 of aTiO2-Cr2O3, anatase-Cr2O3 and 

anatase:rutile-Cr2O3 samples as a function of annealing temperature are shown in Table S1.  
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after annealing at 600⁰C. However, the slope of the Cr2O3 ratio with respect to annealing temperature, 

specifically between 200-600⁰C, is less steep for anatase compared to the amorphous titania sample. 

For the anatase:rutile-Cr2O3 sample, it can be seen that the relative amount of Cr remained 

approximately constant within error bars when the sample was heated to 300⁰C. It should be noted 

that the intensity ratios for this sample could be influenced by the removal of hydrocarbons and water 

from the surface by heating, which increases the signal of the elements present at the surface 42. Note 

that the aTiO2-Cr2O3 and anatase-Cr2O3 samples probably have the same effect but the decrease of 

Cr2O3 intensities for both samples is much stronger with increasing temperature. However, when the 

sample was heated to 400⁰C, the relative amount of Cr decreased. When the sample was heated to 

600⁰C, Cr ratio dropped to almost 50%. The decrease of Cr2O3 also occurs in the sample with the 

mixed anatase:rutile phase of TiO2. However, the decrease is less strong than on the amorphous and 

anatase titania. 

It is unlikely that the decrease in Cr ratio is related to evaporation since according to Gulbransen, 

Cr2O3 does not evaporate significantly until temperatures above 816⁰C 43. Moreover, when annealing 

the samples to 600⁰C, the decrease did not occur equally for all substrates. Nearly 50% of relative 

amount of Cr remained for the anatase:rutile substrate. 

Therefore, it is proposed that the decrease of Cr ratio is due to diffusion into the TiO2 substrates by 

varying degrees. Heating the samples increases the mobility of the species forming the sample and 

can lead to diffusion. The degree of diffusion from the surface to the bulk is given by the relative 

surface energies of the substances. The lower the surface energy of a substance, the higher its 

tendency to diffuse to and cover the surface 44, 45. This process is attributed to the strong metal-support 

interaction (SMSI) 46, 47. It should be noted that diffusion to cover the surface can be either lateral 

across the surface or along the surface normal. 

The surface energy of rutile is 2.22 ± 0.07 J/m2, and that of anatase is 0.95 ± 0.07 J/m2 48. There is no 

experimental data for the surface energy of amorphous TiO2 But it should have a relatively low 
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surface energy because it has a less dense structure than anatase 
49. The surface energy of Cr2O3 is 

reported to be 1.60 J/m2 50; higher than the amorphous and anatase surface energies but lower than 

the rutile surface energy. Therefore, upon annealing, the Cr2O3 diffuses into the amorphous and 

anatase phases with lower surface energy. However, the Cr2O3 remains on top of the rutile phase 

because it has higher surface energy than that of the Cr2O3. In the case of the mixed anatase:rutile 

phases, the sample contains separate domains, of anatase and rutile as evident through AFM and SEM 

images in reference51. Therefore, it is likely that Cr2O3 has diffused into anatase but not into rutile. It 

should be noted that diffusion of Cr2O3 into the metal oxide substrate driven by surface energy is not 

significantly affected whether the sample is exposed to air or vacuum. The diffusion process and the 

result of the diffusion process such as the concentration depth profiles of the constituents, could, 

however, be different between vacuum and air. 

According to the above discussion, the stability of the Cr2O3 at the surface of the different phases of 

TiO2 after annealing is strongly dependent on the surface energy of the phase of the TiO2. 

 

Figure 5: XPS ratio intensity of Cr 2p to Ti 2p of aTiO2-Cr2O3 and subsequently annealed to 600⁰C. 

Then, the sample was sputtered for various times. 
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increases with increasing sputter dose. These changes demonstrate the diffusion of Cr2O3 into TiO2; 

the removal of surface TiO2 atoms leads to an increase of the Cr2O3 signal. The formation of Ti3+ is 

observed after sputtering but is not relevant for investigating the change in relative intensity of Cr 

and Ti upon sputtering. This is further explained in the supplementary section (Figure S12). 

 

Figure 6: NEXAFS spectra of Cr L-edge of aTiO2-Cr2O3 before and after heating to 300℃ and 

600℃. (The intensity of the 600℃ spectrum corresponds to the right hand axis, which has a smaller 

range.) 

Figure 6 shows the Cr L-edge of aTiO2-Cr2O3 before and after annealing to 300℃ and 600℃. It can 

be seen that the Cr L-edge spectrum of aTiO2-Cr2O3 shifts to lower energy after annealing at 300℃ 

and then shifts further at 600℃.This shift of the spectrum to lower energy is interpreted as a reduction 

of Cr2O3. This is clearly seen by comparison with the Cr metallic reference spectrum in Figure 2A. 

The aTiO2-Cr2O3-300℃ spectrum has features of the metallic Cr spectrum, which are considered as 

a mixture of Cr and Cr2O3 (see Figure 2A). The changes in features—the start of the spectrum before 

575 eV, a decrease in sharpness of the peaks, the loss in minimum at 577 eV and appearance of the 

small peak at 584 eV—confirm that some of the Cr2O3 was reduced to Cr metal by annealing. It is 

important to note that no features of CrO2 or CrO3 appear in the spectrum (Figure 2C). The Cr L-edge 

spectrum of aTiO2-Cr2O3 annealed to 600℃ shows more noise because of the diffusion of Cr2O3 into 

aTiO2, which decreases the signal of Cr due to the reduced concentration of Cr in the surface region. 
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Even so, the spectrum has a similar lineshape to that of the 300℃ spectrum and shows even further 

that some of the Cr2O3 is reduced to Cr metal. The synchrotron XPS spectra of Cr 2p shows a peak 

at low energy which is related to Cr metal (Figure S13). Metallic Cr can also be seen in Figure S6 but 

is less obvious due to the larger S/N ratio in these spectra. Again, no features of CrO2 or CrO3 appear 

in the Cr L-edge spectrum. Note that the NEXAFS has not been applied to other substrates (anatase 

and anatase:rutile) after annealing. However, we assume that the chemical changes of Cr2O3 upon 

annealing is the same for all substrates. The reduced Cr is not observed in XRD, most likely because 

the total volume affected by the diffusion is too small to be visible (Figure S14). We have no 

information where the reduced Cr is positioned in the samples; the reduced Cr could cover the surface 

or reside as particles below the surface. It should be noted that a small amount of Ti3+ is formed when 

heating the samples to 600℃ (see Figure S13). 

Above, it is argued that the diffusion of Cr2O3 is driven by surface energy. This has to be considered 

in conjunction with the observation of metallic Cr. It needs to be emphasised that the argument that 

surface energy is the driving force for the diffusion of Cr2O3 (including the reduced parts of Cr2O3) 

into amorphous and anatase form of TiO2 does not mean that the diffusing process is independent of 

whether reducing or oxidising conditions prevail (i.e. heating under vacuum or in air) as discussed 

above. Thus, the diffusion of the metallic Cr could also be described with the SMSI concept given 

that the surface energy of Cr is 1.9 J/m2 52 and thus higher than that of anatase. 
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Figure 7: NEXAFS spectra of O K-edge of aTiO2-Cr2O3 before and after annealing to 300℃ and 

600℃.  

Figure 7 shows the O K-edge spectra of aTiO2-Cr2O3 before and after annealing to 300℃ and 600℃. 

The spectrum edge does not shift upon annealing (see Figure 3A), confirming no presence of CrO2 

or CrO3. Moreover, the aTiO2-Cr2O3-600℃ spectrum has a similar profile to that of the aTiO2 due to 

the diffusion of Cr2O3 into TiO2 after annealing (see Figure 3B). 

The NEXAFS spectra of Cr L-edge and O K-edge in Figures 6 and 7 emphasises no presence of CrO2 

or CrO3 in the sample after annealing. Furthermore, the Cr L-edge spectra confirm that some of the 

Cr2O3 was reduced to metallic Cr during the annealing. 

The question arises whether the Cr2O3 incorporates into the TiO2 upon diffusion and as a consequence 

results in doping of the TiO2. We have measured UV-photoelectron spectroscopy of the aTiO2 and 

aTiO2-Cr2O3 samples heated up to 600℃, which are shown in the supplementary section in Figure 

S15. The valence band cut-off for both samples is the same, thus there is no significant doping of the 

TiO2 happening upon diffusion of the Cr2O3. 

• Surface Morphology Studies 
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Figure 8: AFM images of (A) aTiO2 and (B) aTiO2 after the photodeposition of Cr2O3 layer. 

AFM was used to investigate the topography of the aTiO2 surface before and after the photodeposition 

of Cr2O3. Figures 8A and B are example AFM height images and show the topography of the aTiO2 

surface before and after the photodeposition of Cr2O3 respectively. More images are shown in Figure 

S15 in the supplementary information. The Ra of the images acquired on the aTiO2 surface was 

1.1±0.03 nm and the Ra for the aTiO2 surface after Cr2O3 deposition was 1.16 ±0.17 nm. It can be 

observed on the aTiO2-Cr2O3 images (Figures 8B, S16D-F) that there are a small number of particles, 

between 20 to 100 nm in height, that are responsible for producing the increased error in the Ra value 

for the aTiO2-Cr2O3 surface. The origin of the small particles is not known, however, only a small 

amount was found on the samples. Roughness analysis of aTiO2-Cr2O3 surfaces was also performed 

by excluding the particles between 20 to 100 nm in height on each AFM image and revealed an Ra = 

0.94 ±0.04 nm. While a small decrease this does indicate a measurable change and is compatible with 

the formation of a closed Cr2O3 layer, rather than islands on the aTiO2 surface. 

B A 
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Figure 9: NICISS results of the aTiO2, Cr2O3 and aTiO2-CrOx samples after annealing at 200⁰C 

under UHV for 10 min to remove water and hydrocarbon from the surface. 

NICISS was used to investigate the concentration depth profile of the Cr2O3 at the surface. Figure 9 

shows that the NICISS spectra of TiO2, Cr2O3 and aTiO2-CrOx. Note that all the samples were heated 

to 200⁰C under UHV for 10 min to remove water and hydrocarbon from the surface for better depth 

resolution at the surface. Annealing the aTiO2-Cr2O3 sample to 200⁰C causes a change in the 

concentration and chemical state of Cr2O3 at the surface (see Figures 4 and 7). However, we do not 

know the exact ratio between Cr and Cr2O3. Therefore, the sample is here referred to as aTiO2-CrOx. 

The spectra in Figure 9 show onsets at specific energies with the onsets having various gradients. The 

position of the onset is determined by the mass of the element representing the step36. Cr is heavier 

than Ti and thus the onset of the step for Cr of the Cr2O3 sample is at a higher binding energy than 

that of Ti of the TiO2 sample. The onset of the Cr step can be found at 1270 eV and the onset of the 

Ti step at 1240 eV. The slope of the onset of the steps is determined by the energy resolution of the 

method and how clean the surface is. Small amounts of residual surface contamination will lead to a 

more shallow onset35. Metal oxides usually have adventitious hydrocarbons or water present at the 

surface even after heating to 200⁰C42. It can be seen that the slope of the onset of Cr and Ti is similar 

and thus the coverage with residual hydrocarbons and water is similar. The onset of the step for aTiO2-

Cr2O3 is at the same binding energy as the onset of the Cr step at 1270 eV. Towards lower kinetic 
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energies the slope of the step is shallower for aTiO2-Cr2O3. Around 1190 eV a change in slope of the 

onset can be identified. The change in slope is caused by the finite thickness of the CrOx layer 

deposited on the TiO2. A similar shape of a NICISS spectrum was found for thin ALD TiO2 layers 

on Si substrates53. In Fig. 2 in 53 a clear minimum can be identified. The reason that in the present 

case such a minimum cannot be identified is that the difference in atomic mass between Cr and Ti is 

much smaller than between Ti and Si. This interpretation of the NICIS spectra means that the Cr2O3 

forms a layer on the aTiO2 upon photodeposition and are compatible with the XP spectra of the same 

type of sample.  

 

Conclusions 

AR-XPS, AFM and NICISS confirmed the photodeposition of Cr as a layer onto TiO2. The chemical 

state of the Cr layer was investigated using XPS and NEXAFS and confirmed as chromium (III) oxide 

(Cr2O3). Under annealing conditions, it was observed with XPS that Cr2O3 diffused into all samples 

but that the degree of diffusion depends on the crystal phase of the TiO2. Cr2O3 diffuses after 

annealing at 300℃ and 600℃ under vacuum into the amorphous and anatase phases but remains, at 

least partially, on the surface of the rutile phase. The degree of diffusion is attributed to the differences 

in surface energy between Cr2O3 and the different crystal phases of titania. NEXAFS proved that 

some of the Cr2O3 was reduced to Cr metal on amorphous TiO2 by annealing to 300℃ and up to 

600⁰C under vacuum, with no observation of CrO2 or CrO3. A crucial finding of the present work is 

that the stability of the Cr2O3 layer on the TiO2 surface under annealing depends on the surface energy 

of TiO2, which varies depending on the TiO2 crystal phase. 
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