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1. UV-Vis monitoring of ox/red Mo peroxides in solution. Analogous observations 

with the thermal reactions of ox/red Mo peroxide films have been also made in 
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solution (Fig. S1). In particular, the thermal reduction of the ox-Mo peroxide in the 

precursor solution at 170 oC proceeds also through the reduction/destruction of the 

peroxo group, which is initially significantly blue-shifted in solution (316 nm; Fig. 

S1a). The difference 
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Figure S1. UV-Vis monitoring of: (a) thermal reduction of ox-Mo peroxide, and (b) 

thermal reoxidation of red-Mo peroxide, both in solution containing H2O2 upon 

heating from RT to 220 oC. 

in that case is that no IVCT band appears during the thermal reduction of the ox-Mo 

peroxide in solution, possibly because of the excess of H2O2 in solution, which 

rapidly reoxidizes the thermally reduced Mo peroxide. 

On the other hand, the thermal reoxidation of a red-Mo peroxide in solution proceeds 

exactly with the same way as in films, i.e. with the disappearance of the IVCT band 

upon heating at 170 oC (Fig. S1b). In this case, the initial Mo peroxide was reduced in 

solution through the synthesis route presenting an IVCT band at 727 nm. The thermal 

reoxidation of the red-Mo peroxide in solution (at 170 oC) is much more effective 

than in films (where heating at least at 200 oC is needed) due to the presence of H2O2 
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in solution. The inability of reformation of peroxo group in solution containing excess 

of H2O2 during the thermal reoxidation of a red-Mo peroxide indicates that the 

reduction of the peroxo group in solution is irreversible. 

2. FT-IR changes in water content during thermal treatment of ox/red Mo 

peroxide films. Initially, an ox-Mo peroxide film presents a broad absorption band at 

~3421 cm-1 and a weak band at 1649 cm-1 ascribed to stretching and bending vibration 

of OH groups (v, δ(OH) respectively) of coordinated water molecules (Fig. S2a, b). 

Also, a weak peak
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Figure S2. FT-IR changes in water content of: (a, b) an oxidized Mo peroxide film, 

and (c, d) a solution-reduced Mo peroxide film, upon annealing from RT to 220 oC.

at 1460 cm-1 attributed to bending of Mo−OH group of adsorbed water molecules is 

shown.1-6 Thus, coordinated water molecules are mainly present in the initial ox-Mo 

peroxide film, whereas a small percentage of adsorbed water molecules also coexists. 

Heating of the ox-Mo peroxide film (especially at a high temperature, T ≥ 170 oC; 

Fig. S2a, b) causes increase in intensity of both v(OH) and δ(OH) bands of 

coordinated water molecules (accompanied by a shift to higher and lower energy, i.e. 
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at 3471 and 1597 cm-1, respectively), whereas the weak δ(OH) band at 1460 cm-1 

vanishes. Those changes indicate that upon high temperature (T ≥ 170 oC) thermal 

treatment of an ox-Mo peroxide film, the number of coordinated water molecules 

increases, whereas the adsorbed water molecules completely vanish, a finding which 

is in accordance with literature for WO3 films.3,4 Furthermore, it is noteworthy that 

except for the increase of the broad v(OH) band (at 3471 cm-1) upon high temperature 

heating, two sharp v(OH) peaks at higher wavenumbers (i.e. at 3701 and 3786 cm-1) 

also increase in intensity. The broad v(OH) band could be attributed to water 

molecules bound by both hydrogens to the MoO3 lattice, whereas the two sharp v(OH) 

peaks at higher wavenumbers could be ascribed to water molecules bound by the 

oxygen to the lattice.2 Analogous observations are also made during the thermal 

treatment of a solution-reduced Mo peroxide film (Fig. S2c, d). 

3. FT-IR changes during thermal treatment of a solution-reduced Mo peroxide 

film. During thermal treatment of a solution-reduced Mo peroxide film the following 

infrared changes (see text, Fig. 3) are observed: (a) progressive decrease of PEG 

bands (2930, 2875, and 1123 cm-1, where only a weak broad band at 1076 cm-1 

remains) up to 220 oC indicating that PEG is gradually removed upon annealing of the 

solution-reduced Mo peroxide film. (b) Complete vanishing of the weak peroxo band 

at 917 cm-1 indicating that the remaining peroxo groups are thermally reduced. (c) 

Progressive formation of a single Mo═O band with intermediate position at 967 cm-1 

(from the two initial Mo=O bands) and gradual increase of two bands at 563 and 680 

cm-1 attributed to Mo−O−Mo bridges. The latter changes indicate possible structural 

modification in the coordination of Mo ions as previously mentioned.
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4. Raman study of ox/red Mo peroxide films. Similar to the FT-IR results obtained 

during thermal treatment of ox/red Mo peroxide films were also taken with Raman 

spectroscopy (Fig. S3). Micro-Raman spectra of Mo peroxide films were obtained on 

silicon wafers with Renishaw inVia Reflex microscope using an Ar+ ion laser (at 

514.5 nm) as excitation source. The laser beam was focused onto the samples by 

means of a 50x objective and the laser power density was 0.4 mW µm-2. 
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Figure S3. Raman changes during thermal treatment of: (a, b) an oxidized Mo 

peroxide film, and (c, d) a solution-reduced Mo peroxide film. The films were heated 

at: (a, c) 170 oC, and (b, d) 220 oC.

In particular, when an ox-Mo peroxide film was annealed at 170 oC two broad bands 

at 873 and 769 cm-1 were mainly observed. The band at 873 cm-1 can be attributed to 

both stretching modes of v(Mo═O) and v(−O−O−), whereas the band at 769 cm-1 to 

v(Mo−O−Mo). There is also a broad band at 451 cm-1 that could be attributed to 

deformation δ(Mo−O−Mo) with a small contribution of v(Mo−O2).7-10 Upon further 

heating of the ox-Mo peroxide film at 220 oC, the peroxo band at 873 cm-1 and the 
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v(Mo−O−Mo) peak at 769 cm-1 vanish and a new peak at 967 cm-1 attributed only to 

v(Mo═O) emerges. On the other hand, a (solution) reduced Mo peroxide film heated 

at 170 oC presents three main bands: at 966 cm-1 attributed to v(Mo═O), at 793 cm-1 

attributed to v(Mo−O−Mo) with a small contribution of v(−O−O−), and at 456 cm-1 

attributed to δ(Mo−O−Mo) with a small contribution of v(Mo−O2). Upon further 

heating of the red-Mo peroxide film at 220 oC, the band at 793 cm-1 disappears and 

only the band at 961 cm-1 ascribed to v(Mo═O) remains. From the above it is evident 

that upon thermal treatment of both ox/red Mo peroxide films up to 220 oC, the 

peroxo groups and possibly some Mo−O−Mo bridges are cleaved, whereas at the end 

of heating (at 220 oC) of both films a MoO3 film is possibly formed, since similar 

spectra were obtained.     

5. XRD characterization of ox/red Mo peroxide films. The crystal structure of 

ox/red Mo peroxide films at different temperatures was investigated with x-ray 

diffraction (XRD, Fig. S4). Wide angle X-ray diffraction analysis was carried out in 

reflection mode using a Bruker D8 Discover diffractometer with Ni-filtered Cu-Kα 

radiation (λ = 1.5406 Å) equipped with a LynxEye position sensitive detector. In 

particular, upon thermal treatment of an ox-Mo peroxide film, the film changes from 

an amorphous phase with a low percentage of orthorhombic MoO3 (o-MoO3) at 150 

and 220 oC to a complete o-MoO3 at 500 oC with the characteristic crystalline planes 

[002], [102], and [171].11,12 On the other hand, a solution-reduced Mo peroxide film 

heated at 220 oC shows a characteristic diffraction peak ascribed to [011] plane of 

HxMoO3 along with the characteristic peak attributed to [171] plane of o-MoO3 

indicating that it is a mixture of HxMoO3 and o-MoO3.11,13 
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Figure S4. XRD pattern evolution during thermal treatment of an ox-Mo peroxide 

film at: (a) 150 oC, (b) 220 oC, and (c) 500 oC. (d) XRD pattern of a solution-reduced 

Mo peroxide film thermally treated at 220 oC.  

6. Optical characterization of ox/red Mo peroxide films with spectroscopic 

ellipsometry. The change of refractive index and extinction coefficient (n, k) with 

wavelength and thickness measurements during thermal treatment of ox/red Mo 

peroxide films was investigated with spectroscopic ellipsometry (Fig. S5). 

Spectroscopic ellipsometry measurements of Mo peroxide films were conducted on a 

J. A. Woollam Inc. M2000F rotating compensator ellipsometer (RCETM) running the 

WVASE32 software at 75.14o incidence angle. In an ox-Mo peroxide film (a, b), it 

was proved that both n, k increase with temperature (T). Exactly the same was 

observed in a solution-reduced Mo peroxide film (c, d), where the increase of n, k was 

more abrupt at 220 oC. Also, from the relation of n, k with T, the change of film 

thickness with temperature was extracted (e, f).14 It was observed that the decrease of 

film thickness with temperature was clearly more abrupt during thermal treatment 
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between 130 and 170 oC in ox-Mo peroxide films (e), possibly due to the thermal 

reduction/destruction of the peroxo group. 
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Figure S5. Change of refractive index (a) and extinction coefficient (b) with 

wavelength during thermal treatment of an oxidized Mo peroxide film. The same in a 

solution-reduced Mo peroxide film (c, d). Change of film thickness with annealing 

temperature of ox- and red- Mo peroxide films (e, f). The films were thermally treated 

from RT to 220 oC. (The ox/red Mo peroxide solutions were diluted with 2ME at a 

volume ratio ranging from 1:1 to 1:3, where in the reduced solutions the excess of 

H2O2 had been evaporated). 

Also in (e), the inclination of the curve at that temperature range decreases with the 

increase of dilution with 2ME, a finding which is an indirect proof that upon increase 

of dilution with 2ME the reduction degree of Mo peroxide increases. On the other 
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hand in (f), when a (solution) reduced Mo peroxide was further diluted with 2ME, no 

abrupt decrease of film thickness at that temperature range (130-170 oC) was 

observed, obviously because the majority of peroxo groups had been initially reduced. 

7. Morphological characterization of ox/red Mo peroxide films with SEM/TEM.  

For the surface and bulk characterization of the molybdenum peroxide films, a LEO 

Supra 35 VP scanning electron microscope (SEM) and a PHILLIPS CM20 

transmission electron microscope (TEM) were used. The morphological 

characterization of ox/red Mo peroxide films is very important, as the morphology is 

considered to significantly affect the device performance. In the present work, the 

effect of reduction of Mo peroxide films either through the solution synthesis route or 

the thermal treatment of films on the morphology of Mo peroxide films was mainly 

studied. It is proved -from the SEM characterization- that upon increase of annealing 

temperature of an ox-Mo peroxide film from 150 to 500 oC (Fig. S6a-d), the grain size 

increases (e.g. the grain size almost doubles going from 360 to 500 oC). Nevertheless, 

the most important point is the significant improvement of film morphology upon 

reduction through the synthesis route. In particular, the surface homogeneity of a red-

Mo peroxide film considerably increases in comparison with an ox-Mo peroxide film 

thermally treated at the same temperature (220 oC; Fig. S6e, f). That surface 

homogeneity enhancement possibly contributed decisively in the improvement of the 

device performance. 
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Figure S6. SEM images of an ox-Mo peroxide film thermally treated at different 

temperatures: (a) 150 oC, (b) 250 oC, (c) 360 oC, and (d) 500 oC. Also, SEM images 

of: (e) an ox- and (f) a red-Mo peroxide film thermally treated at 220 oC (where the 

precursor solution was diluted 1:1 v/v with 2ME). Film thickness in: (a) 196 nm, (d) 

37.5 nm, (e) 33 nm, (f) 30 nm).  
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On the other hand, from the TEM characterization of the films it is shown that the ox-

Mo peroxide films (Fig. S7a, b) are fiber-like, where the coverage of the fibers 

consists mainly of PEG and the core of the fibers consists of Mo according to EDAX 

examination. 

PEG

Figure S7. TEM images (in low magnification, 2500-8200) of: (a, b) an ox- and (c, d) 

a red-Mo peroxide film. (The precursor solutions of both Mo peroxides were diluted 

1:3 v/v with 2ME, where in the reduced solution the excess of H2O2 had been 

removed). 

In contrast, it is noteworthy that the red-Mo peroxide films (Fig. S7c, d) are cubic-

like, where onto the cubes a high concentration of Mo was detected, whereas outside 

of the cubes there was a high concentration of C attributed to PEG. Thus, it is 

b

d

a

c
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apparent that upon reduction through the modified synthesis route nanoparticles of 

Mo peroxide form that improve significantly the homogeneity of the films.    
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