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Abstract 27 

The role of shape, dissolution, and chemical properties of MoO3 nanomaterials with visible light 28 

photocatalytic activity are still largely unknown. In the present study, we investigate three MoO3 29 

nanomaterials with different shapes and chemical properties, i.e. nanorods, nanowires, and 30 

nanosheets, as well as their dissolution products under different pH values, since pH directly 31 

affects dissolution. The results showed that different morphologies of MoO3 presented different 32 

solubility behaviors at different pH values with the highest solubility at pH 10. The dissolution of 33 

these nanoparticles depends on the oxidative state and nature of the Mo-O bonds. 34 

The photocatalytic properties of the nanoparticles also showed a pH-dependent behavior 35 

influenced by the nanoparticle dissolution. The photocatalytic experiments for the removal of 36 

methylene blue (MB) showed that the nanorods presented the best photocatalytic-based 37 

degradation activity while the nanowires (the one that dissolved the most) were able to 38 

decolorize MB the fastest.  The dissolution seemed to affect the rate of the reaction but not the 39 

amount that was degraded. The amount degraded seems to depend on the different oxidation 40 

states of the Mo, i.e. higher abundance of Mo6+.  41 

The evaluation of the MoO3 photocatalytic degradation mechanisms was performed by the 42 

quantification of reactive oxygen species (ROS) produced by the nanoparticles as well as by 43 

measurements of the inhibition of photocatalytic degradation of MB in the presence of specific 44 

ROS scavengers. The results showed that the photogenerated holes in the nanomaterials is 45 

involved in the degradative process by allowing the production of hydrogen peroxide. Different 46 

techniques, such as UV-Vis Spectroscopy, ATR-FTIR, XPS, and HPLC allowed us to 47 

demonstrate that, not only the nanomaterial degrades MB, but also the dissolved ions from the 48 



   
 

   
 

nanomaterial are involved in the degradation. In particular, the dissolved ions help during the 49 

degradation process by complexing with MB. This study demonstrates that the chemical and 50 

physical properties as well as the dissolution process of different MoO3 nanoparticles can 51 

influence the photocatalytic properties of MoO3 nanoparticles. 52 

 53 
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1. Synthesis and characterization of nanorods, nanowires, and nanosheets MoO3 nanoparticles  61 

2. Dissolution of MoO3 nanoparticles at basic pHs. 62 

3. Mo ion produces complexation and is also able to degrade MB. 63 

4. The photogenerated holes in the nanomaterials play an important role in degradation of MB.  64 
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Introduction 70 

Recently, MoO3 nanoparticles have been described to present photocatalytic properties under 71 

visible light. The degradation of methylene blue [1][2] and orange II dye [3], methanol oxidation 72 

[4], epoxidation [5], gas sensing properties [6], supercapacitor [7], optical properties [8], and 73 

lithium storage capabilities [9] have been investigated with MoO3 under visible light.  The 74 

photocatalytic performance of MoO3 has been associated to shape, size, and chemical properties. 75 

Different synthetic strategies have shown that MoO3 exhibits h- and α- phases. The h-phase 76 

corresponds to nanorods morphologies; while the α- phase corresponds to nanosheets and 77 

nanowires [10–12]. Control of the morphology and nanoparticle size can be achieved by varying 78 

different parameters, e.g. the concentration of reactants, time, temperature, pressure, and 79 

solvents. Despite the fact that visible light photocatalysis makes MoO3 an attractive material for 80 

contaminant degradation, prior studies have demonstrated that reductive dissolution of MoO3 can 81 

occur in aqueous systems [13,14], diminishing its utility for water treatment and other 82 

applications. However, a thorough study of the dissolution and photocatalytic activity of the 83 

various phases and morphologies of MoO3 nanoparticle has not yet been conducted, to our 84 

knowledge. 85 

Many studies have shown that other types of nanoparticles, including silver [15,16], silica [17], 86 

ZnO [18,19], CeO2 [19]  nanoparticles (NPs), can dissolve. The stability of the nanoparticles in 87 

terms of dissolution will depend on several factors, such as presence of natural organic matter, 88 

ionic strength, and type of electrolyte, aggregation state, pH, and size [20]. In the case of organic 89 

matter, the dissolution can be increased or decreased by steric shielding or ligand-promoted 90 

processes, respectively. When ionic strength, type of electrolyte, or pH are altered the behavior 91 

of the particles can also change and lead to increased nanoparticle aggregation influencing the 92 



   
 

   
 

exposed surface area to the media and dissolution. Size can also play a role, whereby smaller 93 

particles are more prone to dissolving than larger particles, as described by the well-known 94 

Ostwald-Freundlich equation. In the case of MoO3, it has been shown, that pH changes can play 95 

an important role in the dissolution of this nanoparticle [21]. Dissolution of the NPs can be 96 

expected to change the heterogeneous catalytic reactions that occur at the NP surface and 97 

perhaps even affect the production of reactive oxygen species (ROS). The dissolution behavior 98 

of the nanoparticles is critical in determining both the toxicity and reactivity of the nanoparticles.  99 

Previous investigations have shown that the production of reactive oxygen species (ROS) plays 100 

an important in photocatalytic reactions. The quantification of individual ROS is a prerequisite to 101 

elucidate actual ROS functions in photocatalysis. The production of different ROS by TiO2 [22–102 

25], graphene oxide [26], silver [27], ZnO [25,28], and iron oxide [29] is well studied. However, 103 

the production of ROS by photocatalysts induced by visible light, such as MoO3, have not been 104 

reported thus far. In the present study, we take into consideration the role of pH in the dissolution 105 

of MoO3 nanoparticles as well as the effects of dissolution in ROS production and degradation of 106 

methylene blue (MB), as an example of a water contaminant, to understand the mechanisms of 107 

the photocatalytic degradation of MoO3 nanoparticles.We hypothesize that MoO3 nanoparticles 108 

with different material properties will show different propensities to dissolve, and that the 109 

dissolution behavior will then change the photocatalytic ability of the NPs.  110 

Materials and Methods  111 

Materials  112 

Ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O), nitric acid (HNO3), molybdenum 113 

powder (1-5 μm, ≥99.9%), hydrogen peroxide (H2O2), ethanol (EtOH), methanol (MeOH) 114 



   
 

   
 

HPLC grade, furfuryl alcohol, terephthalic acid, Isopropanol (＞99.7%), benzoquinone (AR 115 

grade), triethanolamine (＞99.0% ) and methylene blue were purchased from Sigma-Aldrich and 116 

were used as received. Glutathione and 5,5′-Dithiobis(2-nitrobenzoic acid) (Ellman's reagent) 117 

were supplied by Fisher Scientific.  118 

Synthesis  119 

The MoO3 nanomaterials were synthesized by the hydrothermal route using modified published 120 

procedures [3,30,31]. Briefly, the modifications were: the nanorod MoO3 nanoparticles were 121 

prepared by dissolving 2.46 g of (NH4)6Mo7O24·4H2O in 20 mL of distilled water (DIW). To this 122 

solution, 5 mL of HNO3 was added drop by drop. The solution was transferred to an 80 mL 123 

Teflon-lined stainless-steel autoclave and heated at 90ºC. After 3 h of reaction a white 124 

precipitated was collected and washed several times with EtOH (70%) and then dried at room 125 

temperature. 126 

Black MoO3-x nanosheets and nanowires were prepared according to the procedures reported by 127 

Yin et al. [31] with some modifications. For the nanosheets, 192 mg of molybdenum powder was 128 

added to a Teflon vessel (45 ml) containing 24 ml of ethanol under magnetic stirring. Then, 3 ml 129 

of H2O2 was injected, and the mixture was stirred for 0.5 h to obtain a yellow solution. The 130 

Teflon vessel was then sealed in a stainless-steel autoclave, heated, and maintained at 160 °C for 131 

14 h. The product was collected by centrifugation, washed with ethanol for several times, and 132 

finally dried under vacuum. The nanowires were prepared using the same procedure as the black 133 

nanosheets except using 384 mg of molybdenum powder, 30 ml of isopropanol, and 5 ml of 134 

H2O2. 135 

 136 



   
 

   
 

Nanomaterial Characterization  137 

Crystallographic information of samples was determined by X-ray diffraction (XRD) (Philips 138 

X'pert Pro X-ray diffractometer). The Cu Kα radiation was used (λ = 1.54 Å) at a scanning rate 139 

of 0.020° per second from 5° to 80° in 2θ. The voltage was set to 40 kV, and the current to 140 

40 mA. Crystal sizes of the samples were estimated from the full-width at half-maxima 141 

(FWHM's) of some intense XRD diffraction peaks using Scherrer's method. X-ray diffraction 142 

(XRD) was measured using a Rigaku Smartlab with Cu Kα radiation (λ = 1.5406 Å). 143 

Fourier-transform infrared spectroscopy (FTIR) was performed in a Thermo Scientific Nicolet 144 

IS50 FTIR Spectrometer in the wavenumber range from 4000 to 500 cm -1. The ATR-FTIR was 145 

employed to evaluate the interaction between MB-MoO3 and MB-ion. After each reaction, 146 

samples where centrifuged for collection of the pellet, which were subsequently freeze-dried. 147 

The spectra were obtained on a Digilab FTS 7000 equipped with a HgCdTe detector from 4000 148 

to 600 (cm-1) wavenumbers.  149 

The morphology of crystal samples was examined by scanning electron microscopy (SEM). 150 

Samples were coated with gold for 30 seconds (Denton Desk V) and then, observed by SEM 151 

(Nova NanoSEM 230) at accelerating voltage equal to 5 kV at different magnifications. The size 152 

of the nanomaterials was estimated using ImageJ. MATLAB 2018a was used to generate 153 

histograms and determine the average particle sizes. 154 

X-ray photoelectron spectroscopy (XPS) was performed in a PHI Quantera SXM Scanning X-ray 155 

Microprobe with Al Kα (1486.6 eV) as the excitation source. The binding energy was calibrated 156 

by setting the adventitious carbon (corresponding to C-C bonds) to 284.8 eV. High-resolution 157 



   
 

   
 

spectra were acquired with a pass energy of 23.5 eV, an energy step size of 0.2 eV, and a time 158 

step of 50 ms. 159 

Energy band gap measurements where performed by UV-vis Diffuse Reflectance Spectroscopy 160 

(UV–vis DRS) and were recorded in a Hitachi UV-vis Spectrophotometer U-2001 using BaSO4 161 

as the reference. The bandgaps were determined based on the Kubelka-Munk function: F(R) = (1 162 

– R)2/2R. 163 

Zeta-potential measurements were performed in a Zetasizer Nano (Malvern) using the zeta 164 

potential transfer standard DTS 1235. The samples were measured with 500 mg/mL of each 165 

nanomaterial at pH values varying from 2 to 10, adjusted with either HCl or NaOH.  166 

Dissolution Measurements of Nanoparticles at different pH values 167 

Dissolution experiments were conducted at different pH values (2, 5, 7 and 10) and at room 168 

temperature (≈ 25 °C). A mass of 10 mg of MoO3 nanoparticles was dispersed in 30 mL of 169 

deionized water with adjusted pH using either HCl or NaOH prior to the addition of the 170 

nanoparticles. The nanoparticles’ dissolution was evaluated for up to seven days (after 30 min, 1 171 

h, 4 h, 6 h, 24 h, 48 h, 96 h, and 168 h in solution). For each time point, a 5 mL sample was taken 172 

and filtered with 0.2 μm Nylon filters, and then centrifuged using Amicon ultrafiltration devices 173 

(30,000 NMWL) to ensure that all solid particles were removed from the solution. After the 174 

filtration, the solutions were measured by flame atomic adsorption spectrometry (AAS) 175 

(AAnalyst 200, Perkin Elmer) using a Molybdenum lamp from Perkin Elmer. Five standard 176 

solutions with known Mo concentrations were prepared as calibration standards. Exact 177 

concentrations of Mo in the sample solutions were obtained using the working calibration curve 178 

generated from the standard solution data. The averages and standard deviations of triplicate 179 



   
 

   
 

measurements were reported for all dissolution measurements. The supernatant of each 180 

experiment was collected and characterized by XPS and UV-vis, to determine the nature of the 181 

ion.  182 

The isolated ion from the nanorods was also employed at a concentration of 500 mg/L for the 183 

evaluation of the interaction between MB and the ion using UV-Vis spectroscopy, degradation of 184 

MB using HPLC, and ROS production. Those experiments were performed using the same 185 

conditions as the ones for the nanoparticles described below.  186 

Photocatalytic Activity Experiments 187 

Photocatalytic experiments were carried out at different pH values, varying from 2 to 10 to 188 

measure the amount of discoloration of methylene blue (MB) in aqueous suspensions of MoO3, 189 

which were exposed to visible light (Nexlux LED light, which utilizes the 5050 RGB LED 190 

package with a wavelength range of 460 to 630 nm and maximum intensities of 100, 400, and 191 

100 mcd for the red, green, and blue regions, respectively). The initial concentration of MB was 192 

fixed at 50 mg/L with a catalyst loading of 500 mg/L and a final volume of 20 mL. Prior to 193 

photooxidation, the solution was stirred in the dark for 30 min to establish an adsorption–194 

desorption equilibrium [2,32]. During irradiation, 1 mL of the mixture solution was withdrawn 195 

every 30 min, and then centrifuged (Thermo Scientific Sorvall Legend XTR Centrifuge) at 196 

10,000 rpm for 10 min to separate photocatalysts from the mixture. The extent of MB 197 

decomposition was determined by measuring the absorbance values on a UV–Vis spectrometer 198 

using a SynergyMX Microtiter plate reader (Biotek) at λ = 664 nm. The experiments were 199 

performed in triplicates. The results were analyzed and reported as discoloration of MB or MB 200 

photocatalytic degradation. The data for the MB discoloration in the light conditions included 201 

both adsorption of MB to the nanoparticle and photocatalytic degradation. For the discoloration 202 



   
 

   
 

in the dark, any MB discoloration reported, corresponded to just adsorption of MB to the 203 

nanoparticle. In the case of photocatalytic degradation, the data corresponded to the true 204 

photocatalytic activity of the nanoparticles. For the photocatalytic degradation, the discoloration 205 

of MB at the end of the light reaction was subtracted from the MB discoloration (adsorption) 206 

obtained at the end of the reaction in the dark.  207 

Reactive Oxygen species detection 208 

Reactive oxygen species (ROS) detection was evaluated from pH 2 to 10 by quantifying the 209 

production of different species. The concentration of singlet oxygen (1O2) was determined by 210 

monitoring the concentration of furfuryl alcohol (FFA), as previously described [33]. Hydroxyl 211 

radical (•OH) was evaluated by the analysis of the degradation of terephthalic acid [33]. The loss 212 

of thiol in glutathione (GSH) was used as an indirect method to measure hydrogen peroxide 213 

(H2O2) production by nanomaterials. [34] 214 

Loss of glutathione 215 

MoO3 nanoparticles and ions, were investigated for hydrogen peroxide production in triplicate 216 

by measuring the loss of thiol in GSH. Briefly, 0.4 mM GSH was allowed to react for 2 h at 217 

room temperature with samples containing 500 mg/L of MoO3 or [MoO4]2- negative controls 218 

with non-oxidative agent (H2O2), and positive controls containing hydrogen peroxide (30%). All 219 

the samples where tested in dark and light conditions. After which, 100 mM of Ellman's reagent 220 

in Tris-HCl 100 mM was introduced into each tube and allowed to react for 10 min. Then, the 221 

nanoparticles were removed by filtration using a 0.2 μm syringe filter (Corning, U.S.A.). The 222 

absorbance of the filtrate was read at 412 nm using a Synergy MX Microtiter plate reader to 223 



   
 

   
 

measure the loss of thiols. The results were expressed as the loss of GSH and represented by Eq 224 

(1) [34].  225 

𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (%) =
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 ×  100 226 

 227 

         Eq. (1) 228 

 229 

 230 

Hydroxyl radical  231 

The production of hydroxyl radical was evaluated via the analysis of the hydroxylation of 232 

terephthalic acid (TA) to form fluorescent species. The fluorescent species of 2-233 

hydroxylterephthalic acid was measured at 425 nm in the Synergy MX Microtiter plate reader. 234 

Negative controls (without nanoparticles) and positive controls (TA) were also analyzed. A 235 

concentration of 500 mg/L of the nanoparticles or [MoO4]2- were allowed to react with 2 mM of 236 

TA. After 2 hours, the nanoparticles were removed by filtration with 0.2 μm nylon filters, and 237 

the 2-hydroxylterephthalic acid generated in the samples were quantified by fluorescence using a 238 

Synergy MX Microtiter plate reader.  The fluorescence intensity was read at an emission 239 

wavelength of 425 nm in the fluorescence spectra for 312 nm excitation wavelength [35–37]. 240 

The results were expressed using Eq. (1).  241 

Singlet oxygen  242 

Singlet oxygen species were evaluated from previously reported methods [38,39]. Briefly, 500 243 

mg/L of each nanoparticle or the isolated ion were mixed with 0.5 mL of furfuryl alcohol (10 244 

μM). Positive and negative controls without nanoparticles were analyzed. When the reaction was 245 



   
 

   
 

completed, after 2 hours, the nanoparticles were removed by filtration using 0.2 µm nylon filters 246 

and analyzed by high performance liquid chromatography (HPLC). The chromatographic 247 

measurements were carried out on a HPLC Agilent technologies 1290 Infinity with a Zorbax 248 

Eclipse Plus C18 4.6 × 150 mm, 5 µm column. The mobile phase was H2O:MeOH (80:20) %. 249 

The flow rate was 1 mL/min, and the injection volume was 20 µL. The concentration of 1O2 was 250 

calculated by the integration of the peak area for λ = 219 nm observed at a retention time of 2.6 251 

min in the chromatographs and expressed by Eq (1).  252 

Product analysis and identification  253 

The MB and its degraded products were separated and identified based on the literature [40].  254 

The MB degradation products were analyzed and separated on the HPLC system described 255 

above, with the UV-vis diode array detector set to record the absorbance at 600 nm. The mobile 256 

phase was made from acetonitrile (solution A) and buffer solution (solution B). The buffer 257 

solution was 0.1M ammonium acetate and acetic acid (pH 5.3). The gradient elution was a linear 258 

gradient from 5% A to 95% A in 30 min, at a total flow rate of 0.8 mL/min, and the injection 259 

volume was 100µL. 260 

Scavenger experiments 261 

Isopropyl alcohol (IPA), triethanolamine (TEOA) and p-benzoquinone (p-BQ), were added 262 

to the reaction in order to evaluate the degradation mechanisms. The experiments were 263 

performed for the nanorods at pH 5.4 employing the same procedure as the one described in 264 

the photocatalytic activity experiments. Briefly, 50 mg/mL of MB with 500 mg/L of the 265 

nanomaterial in a final volume of 20 mL was prepared. To each reaction, 10 mM of TEOA, 266 

75 mM of IPA and 1 mM of p-BQ were employed. After 30 min stirring in the dark to 267 



   
 

   
 

establish an adsorption-desorption equilibrium, the samples were irradiated. An aliquot of 1 268 

ml of sample was collected every 30 min and then centrifuged. The absorbance at λ = 664 269 

nm was measured to analyze the discoloration of MB. 270 

Results and Discussion 271 

3.1. Synthesis and characterization of the nanoparticles 272 

Three MoO3 nanoparticles with different morphologies were successfully synthesized, as shown 273 

in Figure 1. All the nanoparticles showed smooth surfaces, as well as regular and monodisperse 274 

shapes and structures. The nanowires and nanorods presented diameters in the range of 59 nm 275 

and 180 nm, respectively. The nanosheets had a thickness around 74 nm and a width of 276 

approximately 180 nm. Both the nanorods and nanowires presented lengths greater than 5 μm.   277 



   
 

   
 

 278 

Figure 1: SEM images of a) nanorods b) nanowires and c) nanosheets. The scale bars correspond 279 

to 1 µm size. 280 

The chemical and crystalline structures of the nanoparticles were determined by XRD, FT-IR 281 

spectroscopy, and XPS. The normalized FT-IR spectrum of the MoO3 nanoparticles is shown in 282 

the Supporting Information (Figure S1). The bands around 972, 969, and 984 cm−1 are associated 283 

with the Mo=O stretching vibration. The bands around 896, 708, and 840 cm−1 are associated 284 

with the Mo-O-Mo stretching, and the bands at 517, 555 and 538 cm−1 are the result of the O-285 

Mo3 single bonds [41–43]. The weak peaks located around 1400 and 1600 cm-1 are related to the 286 

presence of the crystallization of water in the crystals of the MoO3 nanoparticles. The nanorods 287 

show peaks in the 800-1000 cm-1 and 500 to 600 cm-1 ranges indicating presence of the Mo=O 288 



   
 

   
 

bond and Mo-O bonds, respectively. Similarly, the nanosheets present both bond types as the 289 

nanorods. However, the nanowires seem to have an increased presence of single bonds as 290 

observed with the 538 nm peak. The nanosheets do not have such a strong presence of the Mo-O 291 

single bonds. The Mo=O to Mo-O ratios shown in Table 1 confirm this analysis since the 292 

nanowires double bond to single bond ratio is nearly half of that of the nanorods and nanosheets.  293 

XRD patterns for the MoO3 nanoparticles are shown in Figure S2. The strong diffraction 294 

peaks demonstrate that the samples are highly crystalline. For the nanosheets and nanowires 295 

most of the peaks for these samples are indexed as orthorhombic MoO3 (JCPDS – 35-0569) and 296 

for the nanorods as hexagonal (JCPDS – 21-0569). Using the Scherrer equation [44,45] and the 297 

FWHMs, the crystal sizes of the nanowires, nanosheets, and nanorods were calculated to be 32 298 

nm, 29 nm, and 33 nm, respectively. The difference in sizes with those of the extrapolated sizes 299 

from the SEM images could be due to peak broadening caused by crystal lattice strain or lattice 300 

defects [46–48].  301 

The surface chemistry of the nanoparticles as well as the chemical states of the MoO3 302 

nanoparticles were analyzed by XPS as shown in Figure 2. The Mo 3d spectra for all the 303 

nanoparticles present different oxidative states. The spectrum for the nanorods shows presence of 304 

the EB (Mo 3d5/2) ¼ 233.15 eV and EB (Mo 3d3/2) ¼ 236.3 eV corresponding to Mo6+; however 305 

the spectra of nanowires and nanosheets exhibit the presence of the bands (Mo 3d5/2) ¼ 231.78 306 

eV and EB (Mo 3d3/2) ¼ 234.92 eV, which indicate the existence of Mo5+. In Table 1, the 307 

calculation of the ratio of peak/area is shown. As we can see, the different morphologies showed 308 

different fractional amounts of Mo6+ and Mo5+, indicating that the nanoparticle with a higher 309 

amount of Mo5+ contains large quantities of oxygen vacancies, which have been introduced 310 

during the synthesis of the nanomaterial. The presence of these vacancies causes a deficiency of 311 



   
 

   
 

O2 in the crystal structure, which causes a decrease in the energy band gap [49] as evident in 312 

Table 1. This decrease in the energy band gap is desirable as previous studies have shown that it 313 

can increase the photocatalytic properties of the material by allowing greater absorption of 314 

light.[50] The bandgaps of all three material are less than 3 eV making the material capable of 315 

absorbing visible and UV light. While from the XRD patterns the nanowires and nanosheets 316 

appear to have similar crystal structures, in the XPS the nanowires and nanorods appear 317 

chemically more similar. This could be a result of the growth mechanism during synthesis 318 

resulting in different vacancies in each nanoparticle. Based on these results, the composition of 319 

the nanorods and nanowires nanoparticles is similar regarding the oxidation states, however their 320 

structure is different due to the different growth mechanisms during synthesis. The differences in 321 

the chemical and physical structure of these nanomaterials could affect their stability, which is 322 

discussed later based on the dissolution stability of the different MoO3 nanoparticles. 323 

 324 

Figure 2: XPS of all MoO3 nanoparticles. 325 
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Table 1: Chemical properties of the three different MoO3 NPs synthesized.   326 

Nanoparticle 

Mean Size (nm) 
IMo-

O/IMo=O 
Mo6+ Mo5+ 

Mo6+: Mo5+ 

ratio 

Energy bandgap 

(eV) From 

SEM 

From 

XRD 

 

Nanorods 180 32 0.77 95.3 4.7 20.3 2.93 

Nanowires 59 29 0.48 86.5 13.5 6.41 2.95 

Nanosheets 74 33 0.99 34.7 65.3 0.531 2.64 

 327 

3.2. Stability of MoO3 nanoparticles in aqueous solutions 328 

Previous studies have described that the dissolution rate of nanoparticles can be affected by the 329 

size, crystallinity, shape, surface area, and exposed plane, among other factors [20]. The 330 

dissolution of the MoO3 nanoparticles was analyzed from pH 2 to 10 for a period of 1 week, as 331 

shown in Figure 3.  Interestingly, for all the nanoparticles, the dissolution was only partial, i.e., 332 

the nanoparticles did not dissolve completely (i.e., up to 100 mg/L of MoO3 was dissolved) and 333 

eventually reached a plateau. The nanowires dissolved the most (e.g., around 80% (260 mg/L of 334 

MoO3) after 1 week at pH 10), compared to the nanosheets, which presented the lowest 335 

dissolution (< 20% at all pH conditions). These results seem to be directly correlated to the 336 

presence of the Mo-O single bonds and double bonds, as well as the different oxidative states. 337 

For instance, the nanowires presented the highest dissolution as well as the strongest presence of 338 

Mo-O single bonds as seen in the FTIR results compared to the nanosheets (Figure S1). In the 339 

case of the oxidative state, the nanosheets presented Mo5+ state as opposed to the nanowires and 340 

nanorods that had Mo6+ oxidative states and also higher dissolutions (Table 1).   341 



   
 

   
 

Further analysis of the Mo ionic species dissolved through XPS and UV-vis spectroscopy 342 

(Figure S3) showed that for all the nanoparticles, the primarily dissolved ion was Mo6+. These 343 

results are in accordance with the literature that the majority of the dissolution of the 344 

nanoparticles are with Mo6+ oxidative state (e.g. nanowires and nanorods) [51–54]. Aqueous 345 

solutions of Mo6+ ions have been studied in detail showing a dependency on the ion 346 

concentration and pH. Previous studies have shown that at low Mo concentrations, the 347 

predominant species in aqueous solutions is the monomeric tetrahedral [MoO4]2- ion [55,56].  348 

In summary, the dissolution of the MoO3 nanoparticles depends on the pH of the media. The 349 

higher the pH, the greater the dissolution. The extent by which the particles dissolve in solution, 350 

however, seems to be dependent on the oxidation state and type of oxygen bonds found in the 351 

nanoparticles [15].   352 

 353 

Figure 3: Representation of %Mo dissolved vs. time at different pH values. From left to right, in 354 
order of increasing dissolution, nanosheets, nanorods, and nanowires.  355 
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Initial investigation of the interaction of MB with the nanoparticles was determined via ATR-358 

FTIR (Figure S4). The results showed that the nanoparticle surface adsorbs MB. The differences 359 

between the ATR-FTIR spectra of the MoO3 with MB in the dark and light showed the 360 

combination of bands of MoO3 and MB and also a small shift to higher cm-1 for some of the 361 

bands (for instance, the MB band at 880 shifts to 897 in the dark and to 884 in the light, and the 362 

MB band at 1596 cm-1 shifts slightly to 1601 cm-1 and 1602 cm-1 for MB adsorbed to the 363 

nanoparticles in the light and dark, respectively). To estimate the electric charge on the 364 

nanoparticle surface and elucidate the ability of MB to adsorb onto the nanoparticles, zeta 365 

potential measurements were performed. The magnitude of the zeta potential provides 366 

information about particle stability. Figure S5 represents the zeta potential for all the 367 

nanoparticles vs. pH. When the pH of the media increased, the zeta potential values for the 368 

nanorods and nanosheets decreased while the zeta potential for the nanosheets increased slightly 369 

before decreasing slightly again. These patterns follow the degradation pattern due to light, as 370 

illustrated in Figure 5, indicating that due to the increasingly negative surface charge at higher 371 

pH values the degradation decreases. This could be caused by the increased adsorbance of the 372 

MB (a positively charged molecule) to the nanoparticles at higher pH values, which will 373 

decrease the ability of the nanoparticles to absorb light. 374 

To verify whether degradation of MB or mere adsorption or complexation was taking place XPS 375 

was utilized. The XPS results on the surface of the nanoparticles (Figure S6) showed a decrease 376 

in the pyridinic acid band when compared to the MB XPS indicating that photocatalytic 377 

degradation of MB is taking place. Furthermore, the decrease in the pyridinic band was greater 378 

for the samples that were irradiated than for those kept in the dark.  379 

The fact that all the nanoparticles exhibited similar behavior with regards to their ability to 380 



   
 

   
 

decolorize MB, the evaluation of the degradation byproducts of MB was performed for the 381 

nanorod MoO3. Figure 4 shows the chromatographic separation of the methylene blue in dark 382 

and light conditions after 2 hours of reaction at pH 5.4.  The data showed that MB was 383 

significantly degraded under light irradiation, while some adsorption was observed when the 384 

reaction was placed in the dark. The decrease in the methylene blue peak intensity and the 385 

appearance of new peaks at lower retention times have been reported previously [57]. 386 

Consequently, photocatalysis of dye solutions not only caused its discoloration, but also an 387 

appreciable degree of transformation of the dye molecule. 388 

 389 
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Figure 4: HPLC analysis of the reaction between the nanorods and methylene blue after 2 hours 392 
in light and dark conditions. MB-ion and MB-MoO3 (light) left axes and MB-MoO3 (dark) right 393 

axes.  394 

 395 

In the case of the ions, the HPLC results of the reaction between the ions and methylene blue 396 

also showed some degradation byproducts. From the results, when the reaction is performed in 397 



   
 

   
 

the dark (Figure 4 blue curve), the chromatograms do not show any peaks at lower retention 398 

times as opposed to light. The strong interaction between methylene blue and the isolated ions is 399 

confirmed with the ATR-FTIR spectra. In the spectra, it is possible to observe a decrease in the 400 

OH band for the ion-MB spectra, and the appearance of the MoO3 band at 550 cm-1 (Figure S7). 401 

This result showed that a MB-Mo ion complexation is happening during the reaction. Figure S8 402 

showed a blue precipitate when the ion is in contact with MB. The small contribution of the ions 403 

in the degradation process and the complexation observed by ATR-FTIR showed that both 404 

processes are happening simultaneously. That means that the peaks in the chromatogram are 405 

degradation byproducts and not complexes. These results confirm that the ions are also 406 

participating in the degradation process.  407 

 408 

3.4. Photocatalytic activity of the nanoparticles and ions with MB 409 

In this investigation, we tried to understand the role of the nanoparticles’ characteristics in 410 

relation to their ability to decolorize MB (Figure 5) and true photocatalytic activity (Figure 6). In 411 

the decolorization assay (Figure 5), both adsorption and photocatalytic phenomena were reported 412 

for the light exposure; while in the dark only adsorption is observed. In the case of the 413 

photocatalytic percentage discoloration (Figure 6), it was reported the photocatalytic activity 414 

after subtraction of the discoloration reaction of MB in the dark and light conditions to show the 415 

amount each material was able to decolorize solely due to the influence of the light exposure, i.e. 416 

photocatalysis (Figure 6).  All three materials were able to decolorize MB as shown in Figure 5, 417 

however, the nanorods displayed greater photocatalytic percentage discoloration, therefore was 418 

considered to have the best photocatalytic activity. While, the nanowires displayed the least 419 

photocatalytic activity.  420 



   
 

   
 

In the case of the rate of discoloration of MB, herein defined as the time it took for the each 421 

nanomaterial to decolorize MB, shown in Figure 5 as the final timepoint of each discoloration 422 

experiment, the nanowires had the fastest reaction rate, which was capable of decolorizing MB 423 

after 90 minutes; while the nanorods decolorized MB after 210 minutes and the nanosheets after 424 

300 minutes. The rate at which each nanoparticle decolorized MB could be explained in terms of 425 

the stability of the nanoparticle. The nanowires, which were the particles that showed the highest 426 

dissolution, were the ones showing the highest reaction rate.  427 

These results indicate that the photocatalytic activity of the material is not directly or completely 428 

related to the band gap energy of the material or the relative percentages of the different 429 

oxidation states of the Mo (Table 1). The nanorods presented the highest photocatalytic activity, 430 

while they had the second largest band gap and the largest ratio of Mo+6 to Mo+5 ions. The 431 

nanosheets presented the lowest photocatalytic activity, even though they had the smallest 432 

bandgap and smallest ratio of Mo+6 to Mo+5 ions. This indicates that while a smaller band gap 433 

can be beneficial in allowing greater absorption of light, it can also increase electron-hole pair 434 

recombination rates, thereby reducing the ability of the material to produce ROS. Hence, based 435 

on these results, the oxidation state seems to be playing an exceedingly significant role in the 436 

material’s photocatalytic properties. 437 
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Figure 5: Discoloration activity of different MoO3 nanoparticles at pH 5.4. The dark samples 439 
correspond to adsorption of the MB, while the light samples show both adsorption and 440 

photocatalytic activity of the nanoparticles.  441 

 442 

In order to confirm the role of dissolution on the photocatalytic activity, the photocatalytic 443 

degradation results of MB by the nanoparticles were compared against the nanoparticle 444 

dissolution at the end of each reaction at different pH values as shown in Figure 6 to understand 445 

the role of dissolution on degradation of MB. Increasing the pH from 2 to 10 resulted in 446 

enhanced dissolution of the nanorods and nanowires by 40% and 60%, respectively, which was 447 

accompanied by a decrease in decolorization of the MB. However, the difference in dissolution 448 

of the nanosheets did not show a detrimental impact on the degradation of MB, likely because of 449 

the lower extent of dissolution of the nanosheets (< 20% at all pH values over the experimental 450 

period).  451 

 452 

453 
  454 

3.3. Role of Reactive oxygen species on the degradation mechanism of MB. 455 
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Figure 6: Nanomaterial dissolution and MB degradation after light reaction after subtracting 
from dark reaction) at different pH values at the end of each experiment. Black dots indicate 

the % of Mo dissolved and red dots the % of MB degraded.  
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The photocatalytic degradation mechanism by nanoparticles has been associated with the 456 

production of reactive oxygen species. In this study, the production of different ROS was 457 

evaluated for all three nanomaterials to better understand the degradation mechanisms of MoO3 458 

nanoparticles under visible light represent the production of OH-, 1O2 and H2O2 radicals at 459 

different pH values, since pH clearly showed an important role in the photocatalytic activity of 460 

the MoO3 nanoparticles. Among the three different MoO3 structures investigated, the nanorods 461 

produced the most ROS, which explains the increased photocatalytic activity of this 462 

nanomaterial as seen in Figure 5. In fact, the presence of light directly affected the ROS 463 

production of the nanorods, as seen in Figures S9-S11.  464 

More importantly, all three nanomaterials showed production of ROS even in dark conditions 465 

indicating that the nanomaterial not only have photocatalytic properties, but also catalytic 466 

properties. Furthermore, the production of ROS increased with increasing pH values. Figure 7 467 

shows the contribution of ROS production due to the introduction of visible light for the different 468 

nanoparticles at the different pH values. As we can see, the increase in pH increases the 469 

concentration of hydroxyl ions in solution, which can promote the formation of H2O2, following 470 

oxidation reactions leading to the formation of singlet oxygen or undergoing reduction by 471 

forming hydroxyl radicals. The low amount formation of 1O2 can be explained because the 472 

singlet oxygen radical is not produced via electron transfer process [58].   473 
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Figure 7: ROS production difference between light and dark for each nanomaterial at each pH 475 

value. 476 

Interestingly, if we compare the degradation results in Figure 6 with the production of the ROS 477 

in Figure 7, specifically the hydrogen peroxide production of the nanorods, nanowires, and 478 

nanosheets, we see similar patterns indicating that the most probable primary species responsible 479 

for the degradation of MB is hydrogen peroxide. For instance, with increasing pH, the hydrogen 480 

peroxide production contribution from the light of the nanorods and nanowires generally 481 

decreases as does the % degradation in Figure 6. However, the hydrogen peroxide production of 482 

the nanosheets increases slightly and then remains approximately the same as pH 2 exhibiting the 483 

same pattern as the % degradation in Figure 6. 484 

 485 

The ROS from the isolated ions produced by the nanoparticles were also evaluated in the present 486 

study. In Figure S12, it is evident that the ion resulting from the dissolution of the nanomaterial 487 

can have degradative effects due to ROS production. In the dark condition, hydroxyl radical and 488 

hydrogen peroxide production are not significant; while in the presence of light, there is a 489 

significant increase in these ROS. This finding signifies that the dissolved ions from the 490 

nanomaterial can also contribute to the degradation of MB.  491 

In order to further understand the role of ROS in the photocatalytic mechanism of the MoO3 492 

nanoparticles, we employed ROS scavengers and a hole scavenger. Isopropyl alcohol (IPA) was 493 

employed to trap ·OH, triethanolamine (TEOA) scavenges h+ and benzoquinone (BQ) 494 

scavenges ·O2− [59–62]. These scavengers were added to the reaction and the degradation results 495 

are shown in Figure 8.  496 
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Figure 8: MB degradation with each of the nanomaterial in the presence of scavengers in light 498 
and dark conditions. Reaction conditions were 500 mg/mL of MoO3 at pH 5.4 in the presence of  499 

10 mM of TEOA, 75 mM of IPA and 1 mM of p-BQ.  500 

 501 

 502 

In the presence of reactants that act as ROS scavengers, the degradative properties of the 503 

nanoparticles were reduced. The greatest effect was seen with the addition of TEOA, which is a 504 

hole scavenger, as shown in Figure 8.  Only with the presence of TEOA all three nanomaterials 505 

were unable to completely decolorize MB, indicating that the production of holes plays an 506 

important role in MB degradation. However, when the reaction takes place in the dark in the 507 

presence of TEOA, no discoloration is observed. In this case, TEOA seems to act as a competing 508 

adsorbent able to inhibit the MB adsorption on the surface of the nanoparticles.  Furthermore, 509 

this confirms that the likely pathway by which hydrogen peroxide is generated is via the 510 

oxidation of water molecules by the photogenerated holes. In addition, hydrogen peroxide is the 511 



   
 

   
 

most likely primary species responsible for the degradation of methylene blue since, when 512 

hydroxyl and singlet oxygen scavengers were added, complete degradation of MB was still 513 

possible. Interestingly, when isopropanol was present (a hydroxyl radical scavenger) the 514 

photocatalytic reaction became more efficient. A possible explanation could be that the 515 

generation of additional water molecules from the isopropanol and hydroxyl radical reaction may 516 

get oxidized by the photogenerated holes further increasing hydrogen peroxide concentrations.  517 

Conclusions 518 

In the present work, we have successfully synthesized MoO3 nanoparticles with different sizes, 519 

morphologies, and properties. We have demonstrated that the dissolution process depends on the 520 

oxidative state, and nature of the Mo-O bond. For instance, the nanosheets, which contained 521 

more Mo5+ than Mo6+, dissolved less than the nanorods which had more Mo6+ rather than Mo5+ 522 

in their structure.  523 

The photocatalytic experiments of methylene blue showed that the photocatalytic degradation of 524 

MB is influenced by the dissolution of the nanomaterials. Furthermore, there is a relationship 525 

between the degradation and complexation process. The dissolved ions can play an important 526 

role in the photocatalytic activity of the nanoparticle. As shown in the HPLC experiments, the 527 

ion not only produces a complex between the MB, but it is also able to degrade MB.  528 

While ROS production and subsequent degradation of MB were observed by the nanomaterial, 529 

some ROS production was observed by the dissolved product of the nanomaterial. We also 530 

quantified the production of different ROS and we saw that hydrogen peroxide is the most 531 

important ROS responsible for the degradation of MB. The analysis of the ROS and the 532 

employment of different scavengers showed that H2O2 and the photogenerated holes in the 533 



   
 

   
 

nanoparticles play a role in the degradation process of methylene blue. The photogenerated holes 534 

increased the oxidation of water molecules while increasing the concentration of H2O2, the ROS 535 

responsible for the degradation of MB.  536 
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