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Abstract 21 

Photocatalyst dissolution greatly diminishes the usability of photocatalysts in water treatments. 22 

Coating conductive polymers on the surface of photocatalysts can reduce dissolution without 23 

compromising the photocatalytic properties of the material. In this investigation, polypyrrole (PPy) 24 

and polyaniline (PANI) were used to coat two magnetic MoO3 nanoparticles with different surface 25 

chemistries. The polymer-coated MoO3@Fe3O4 nanoparticles were synthesized by optimizing the 26 

mole fractions of PPy or PANI, MoO3, and Fe3O4. The optimized PPy@ MoO3@Fe3O4 (PMF1) 27 

and PANI@ MoO3@Fe3O4 (PMF2) resulted in 95.39 and 75.98% methylene blue dye removal, 28 

respectively. MoO3 dissolutions of 4.12 and 5.6% were obtained for PMF1 and PMF2, respectively, 29 

demonstrating the reduced solubility of the coated nanoparticles as compared to their uncoated 30 

counterparts (7.87% for MF1 and 18.1% for MF2). In situ small-angle neutron scattering (SANS) 31 

was utilized to investigate the polymerization kinetics of PPy and PANI on nanoparticles. The 32 

results revealed that an increase in base material oxygen vacancies resulted in the reduction of both 33 

the polymer size and the polymerization rate. This study demonstrated that SANS provides 34 

valuable insights into the polymer growth mechanisms on nanoparticle surfaces. 35 

 36 
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1. Introduction 40 

In recent years, molybdenum oxides including MoO2, MoO3, and other forms of MoO3–x (2 41 

< x < 3) have attracted enormous research efforts due to their broad applicability in catalysis, 42 

sensing, energy storage, biomaterials, and field emission devices.(1,2) Among these, MoO3 has a 43 

wide bandgap (2.8–3.2 eV) with 20–30% ionic character for high visible light photocatalytic 44 

activity, thus favoring its use in photocatalysis for water treatment.(3,4) Furthermore, introducing 45 

a magnetic core, i.e., Fe3O4, into MoO3 can ease the removal of the nanoparticles via the use of 46 

magnetic separation instead of filtration techniques, which makes the nanocomposite particularly 47 

appealing for use in water treatment.(5) However, MoO3 nanomaterials and modified MoO3 48 

nanocomposites are partially soluble in water, especially in neutral and basic conditions,(4) which 49 

has hindered their use in the photocatalytic degradation of different organic pollutants such as 50 

dyes,(6) phenols,(7) volatile organic compounds (VOCs),(8) antibiotics,(9) and heavy metals.(10) 51 

The dissolution rate of MoO3 in aqueous systems is impacted by the size, crystallinity, shape, 52 

surface area, and exposed plane of the nanomaterial.(3) To overcome this problem, MoO3 53 

nanostructures require modifications to improve their stability and decrease their dissolution to be 54 

utilized under neutral and basic conditions. 55 

A suitable solution to solve the dissolution and reusability issues of nanoparticles is to coat 56 

them with polymers. For instance, polypyrrole (PPy) was used to coat cerium dioxide (CeO2) 57 

nanoparticles for the reduction of Cr6+. The polymer-coated nanoparticle exhibited higher stability 58 

and reusability compared to pure CeO2 due to the shell of PPy that prevents dissolution of the 59 

CeO2 core.(11) PPy on the surface of MoO3 was also prepared as an anode material on aqueous 60 

supercapacitors and demonstrated that the dissolution of molybdenum during the cycling process 61 

was prevented due to the presence of a PPy coating layer.(12) Furthermore, when PPy layers were 62 
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fabricated on MoO3 microrods, the underlying MoO3 1D structure was preserved in the material’s 63 

conversion to PPy@MoS2, when without the coating the microrod structure completely collapsed, 64 

indicating the necessity of the polymer layer in the stabilization of the material.(13) In addition to 65 

dissolution and stability, polymer coatings can also add benefits to the properties of the 66 

nanoparticles. For instance, conductive polymers, such as PPy and PANI, have been used as 67 

coatings on nanomaterials due to their electrochemical, magnetic, and optical properties, low cost, 68 

and good environmental stability.(13,14) These properties make them good candidates for coating 69 

MoO3-based materials. As PPy and PANI coatings have shown to improve the reusability and 70 

stability of metal oxide nanoparticles, we expect that the coatings will have a similar effect on our 71 

nanoparticles, which, uncoated, tend to dissolve in neutral pH conditions. Furthermore, the π-72 

conjugated electron-rich systems of conductive polymers help inject electrons into the conduction 73 

band of semiconductor oxides, making them good candidates for utilization in visible light 74 

photocatalysis.(15)  75 

In this study, we selected PPy and PANI to coat magnetic MoO3 nanoparticles because these 76 

polymers can improve material stability, have a high electron–hole carrying capacity, and have 77 

been shown to enhance light absorption capacity as well as enhance charge separation of 78 

photoexcited charge carriers, which we expect to enhance the performance of the 79 

MoO3 nanoparticles.(11,16) When they are mixed with transition metal oxide nanoparticles, the 80 

resulting material exhibits good photocatalytic performance.(11,16) For instance, coating of PPy 81 

or PANI on semiconductor photocatalysts, such as MoO3/PPy,(17) PPy/TiO2,(18) PANI/ZnO, 82 

PANI/CoFe2O4, PANI/CeO,(16) and PPy-BiOI,(19) resulted in a higher efficiency of organic dye 83 

degradation. Additionally, PPy-encapsulated V2O5 nanohybrids showed enhanced degradation of 84 

ciprofloxacin and erythromycin antibiotics when exposed to visible light, which was attributed to 85 



5 

the enhanced charge transfer properties due to the presence of PPy.(15) PPy coatings also exhibited 86 

high photocatalytic activity in the reduction of hazardous Cr6+ to Cr3+ due to the increased electron 87 

transfer rate in the synthesized CeO2@PPy.(15) Furthermore, CeO2@PPy exhibited higher 88 

reusability and stability compared to pure CeO2.(11) Overall, various studies on the applications 89 

of PPy and PANI on semiconductor photocatalysts have reported improved photocatalytic activity 90 

of the nanomaterials they were coating. 91 

While previous studies have shown the improvement of the nanomaterial properties via 92 

coatings with conductive polymers, there is a lack of studies investigating the parameters 93 

controlling the polymerization and their influences on the properties of the final polymer–94 

nanoparticle composite. Many techniques have already been employed to indirectly investigate 95 

chain growth kinetics on different bulk materials including monitoring the change of monomer 96 

concentrations,(20) monitoring changes in pH or temperature, which might yield nonconducting 97 

oligomers,(21) and utilizing neutron scattering, X-ray scattering, and light scattering techniques 98 

coupled with computational modeling to directly monitor the chain size with reaction time.(22,23) 99 

Experimental data in conjunction with chemical calculations and computer simulations have 100 

allowed for the development of a number of theories regarding the polymerization kinetics of 101 

different polymers.(24) However, to our knowledge, little research has been conducted on the 102 

growth kinetics of the polymer chains on the surface of nanoparticles during polymerization. 103 

Obtaining such information is challenging but allows us to elucidate how nanoparticle surface 104 

chemistry can affect the polymerization process and in turn better control the properties of coated 105 

nanocomposites. 106 

In the present work, we first optimized the synthesis of two magnetic MoO3 materials with 107 

distinct surface properties coated with PPy or PANI to be utilized in water treatment applications 108 
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using response surface methodology (RSM) to minimize the dissolution of the materials while 109 

keeping photocatalytic activity at a maximum. Subsequently, we employed small-angle neutron 110 

scattering (SANS) to monitor the growth process of PPy or PANI on these two variations of 111 

MoO3 magnetic nanoparticles via monitoring the changes in the time-resolved radius of gyration 112 

in the polymer layer during in situ oxidative polymerization. The knowledge gained in this work 113 

advances the understanding on the effects of the base nanomaterial composition and chemistry in 114 

the polymer growth process, which sheds new insights into the optimization of polymer layers on 115 

the surface of the nanoparticles. 116 

 117 

2. Experimental Section 118 

2.1. Materials 119 

The chemicals used in the synthesis, analysis, and photocatalytic degradation experiments 120 

were all analytical grade and were used as received. Ammonium molybdate tetrahydrate (AMT), 121 

Fe(II,III) oxide (CAS 1317-61-9), pyrrole monomer, aniline, deuterated water (D2O), nitric acid, 122 

and ammonium persulfate were purchased from Sigma-Aldrich. Aluminum chloride used in 123 

atomic absorption spectrometry (AAS) analysis was purchased from Fisher Scientific. Methylene 124 

blue hydrate (MB, 96%) was purchased from Acros Organics. A USP grade ethanol was purchased 125 

from Recon Lab, Inc. All stocks, standards, and aqueous solutions were prepared by using Milli-126 

Q water unless otherwise noted. 127 

2.2. Methods 128 

2.2.1. Material Optimization and Validation 129 

To optimize the concentration of the MoO3, Fe3O4, and PPy or PANI materials to obtain a 130 

maximum percentage removal of methylene blue (MB) dye degradation and minimum dissolution 131 
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of MoO3, a numerical optimization technique, response surface methodology, was utilized. Details 132 

on the optimization process and results using response surface methodology are presented in 133 

the Supporting Information, which include a statistical analysis of the resulting models (Table S1), 134 

contour plots of the PPy@MoO3@Fe3O4 model (Figure S1), and contour plots of 135 

the PANI@MoO3@Fe3O4 model (Figure S2). Validation of the predicted models was performed 136 

by comparing the predicted values of the output response provided by the Design Expert software 137 

to the observed values from the experimental results of the optimized PPy@MoO3@Fe3O4 and 138 

PANI@MoO3@Fe3O4 material. Validation experiments of the optimized conditions were 139 

performed in triplicates, and the materials were characterized as described below. 140 

2.2.2. Photocatalytic Degradation Experiments for Nanoparticle Optimization and Validation 141 

The photocatalytic degradation experiments were performed by using an initial MB 142 

concentration of 40 ppm as previously described.(4) Then, either PPy@MoO3@Fe3O4 (PMF1) or 143 

PANI@MoO3@Fe3O4 (PMF2) was added to achieve a final concentration of 500 ppm of the 144 

photocatalyst.(4,25) The MB dye solution was stirred at room temperature with an agitation speed 145 

of 180 rpm and was allowed to undergo adsorption–desorption process in a dark environment to 146 

attain equilibrium for 30 min.(4) The dark environment was achieved by covering the vials with 147 

aluminum foil to prevent passage of light into the MB dye solution. After equilibrating, the MB 148 

dye solution was irradiated by using visible light (Philips F4T5 Soft White, 4 W, intensity 199 lm) 149 

with mechanical stirring to start photodegradation. Samples of MB dye solution (0.5 mL) were 150 

withdrawn at different time intervals. Prior to analysis, the catalyst in the solution was separated 151 

by magnetic separation followed by microcentrifugation using an Eppendorf centrifuge (5415C) 152 

for 2 min at 13000 rpm. Each batch of the experiment was done in triplicate under identical 153 

conditions. 0.1 mL of the withdrawn samples was transferred in a 96-well plate and analyzed with 154 
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a UV–vis spectrometer (Biotek SynergyMX Microtiter plate reader) using a target wavelength of 155 

664 nm. A standard curve consisting of different concentrations of MB was used to determine the 156 

relationship of the MB dye’s concentration and its absorbance. Then, the percentage of dye 157 

removal was computed by using the formula 158 

 (1) 159 

where A0 and C0 are the initial absorbance and initial concentration of the sample and A and C are 160 

the absorbance and concentration of the sample at time t, respectively. 161 

2.2.3. Dissolution Experiments for Nanoparticle Optimization and Validation 162 

All dissolution experiments were conducted under neutral pH maintained at room 163 

temperature under static conditions. An aliquot of 500 ppm PMF1 or PMF2 photocatalyst was 164 

prepared by dispersing the photocatalyst (7.5 mg) in Milli-Q water (15 mL) in a 15 mL centrifuge 165 

tube. The solution was stored for 48 h in the dark to allow the dissolution to take place. Then, the 166 

samples were filtered through a 0.2 μm syringe-drive PES Filter Media (VWR sterile syringe filter) 167 

into an Amicon centrifugation tube (Ultra-15, Millipore), which subsequently was centrifuged at 168 

a speed of 4200 rpm for 15 min (Thermo Scientific Sorval Legend XTR centrifuge). The samples 169 

were then analyzed by using a PerkinElmer AANalyst 200 atomic absorption spectrometer using 170 

a molybdenum lamp.(4) 171 

A MoO3 stock solution (100 ppm) was prepared by dissolving ammonium molybdate 172 

tetrahydrate (AMT) with Milli-Q water. Standard solutions were prepared by diluting the stock 173 

solution into 1, 10, 20, 30, and 40 ppm for the calculation of the calibration curve. Because the 174 

presence of Fe in the solution can depress the molybdenum signal, 0.5% aluminum chloride was 175 

added to the samples and standard solutions prior to analysis.(26) 176 
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2.2.4. Synthesis of the Optimized MoO3@Fe3O4 Nanoparticles 177 

The magnetic MoO3@Fe3O4 nanocatalyst (MF1) was prepared by the precipitation 178 

method.(27) In brief, MoO3 precursor (AMT) (5.64 g) was dissolved in Milli-Q water (50 mL). 179 

Then, Fe3O4, Fe(II,III) oxide (0.158 g), was added to the solution and homogenized by 180 

ultrasonication. The Fe3O4 utilized in this study was in the magnetite phase and was used without 181 

further modifications for the MoO3@Fe3O4 synthesis. Concentrated nitric acid was introduced 182 

dropwise to the homogeneous solution under mechanical stirring until the pH of the solution 183 

reached 1.5. The mixture was heated in a water bath at 70 °C for 8 h with mechanical stirring. 184 

After heating and stirring, the mixture was allowed to cool to room temperature. For the 185 

MoO3@Fe3O4 (MF2), a modified procedure from our previous publication was utilized.(4) In this 186 

case, AMT (2.46 g) was dissolved in Milli-Q water (20 mL). Then, Fe3O4 (0.1 g) was dispersed in 187 

the solution, which was subsequently sonicated for 15 min to eliminate any aggregates. The 188 

mixture was introduced to an oil bath at 90 °C and put under high stirring. Once the temperature 189 

of the mixture reached 90 °C, nitric acid (5 mL) was added slowly. The material was kept at 90 °C 190 

for 3 h under high stirring to allow the MoO3 to nucleate and grow on the surface of the magnetite. 191 

Each precipitate, MF1 and MF2, was collected by magnetic separation using a strong magnet and 192 

washed with Milli-Q water several times and then washed with 70% ethanol. The MF1 precipitate 193 

was dried in a vacuum at 60 °C (Isotemp Vacuum Oven Model 282A ThermoScientific), and the 194 

MF2 precipitate was oven-dried at 60 °C. 195 

2.2.5. Synthesis of the Optimized Polymer-Coated Nanoparticles 196 

The synthesis of PPy@MoO3@Fe3O4 (PMF1) was done by in situ oxidative 197 

polymerization.(28) An amount of 2.0 g of as-synthesized MoO3@Fe3O4 (MF1) (2.0 g) was 198 

dispersed in Milli-Q water (20 mL) and placed in an ice bath (0–5 °C) with stirring. Once the 199 
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solution reached a temperature between 0 and 5 °C, pyrrole monomer (0.12 mL) was added to the 200 

solution with vigorous stirring for 30 min. Ammonium persulfate (APS) dissolved in Milli-Q water 201 

(10 mL), an oxidative agent, was added dropwise to the pyrrole solution to initiate polymerization 202 

with continuous stirring. The ratio of pyrrole monomer (Py):oxidant (APS) (vol in mL:wt in g) 203 

used in the synthesis was 1:2. The polymerization process was continued overnight while 204 

maintaining the temperature at 0–5 °C. The black precipitate was collected by magnetic separation 205 

using a strong magnet and washed with 70% ethanol followed by Milli-Q water several times to 206 

remove the excess APS. The black precipitate was vacuum-dried at 60 °C. 207 

For the synthesis of PANI@MoO3@Fe3O4, a modified procedure similar to that of the 208 

synthesis of PMF1 and PANI-CeO2 was followed.(29) MoO3@Fe3O4 (MF2) (1.012 g) was 209 

dispersed in 2 M HCl (10 mL) and then sonicated for 15 min by using the bath sonicator. In the 210 

meantime, APS (234.1 mg) was dissolved in HCl (10 mL), and aniline (100 μL) was dispersed in 211 

10 mL of 2 M HCl. The three solutions were placed in an ice bath, and their temperatures were 212 

allowed to equilibrate to that of the ice bath over a period of 30 min. The MoO3@Fe3O4 mixture 213 

was placed under high stir in the ice bath prior to the addition to the aniline solution. Lastly, the 214 

APS solution was added dropwise. The mixture was kept in the ice bath under high stir for 2 h to 215 

allow for the polymerization of aniline on the MoO3@Fe3O4 material. The 216 

resulting PANI@MoO3@Fe3O4 (PMF2) was cleaned by centrifugation using Milli-Q water and 217 

dried overnight at 50 °C. The high-level synthesis procedure of the PMF1 and PMF2 particles is 218 

shown in Scheme 1. 219 
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 220 

Scheme 1. Schematic Representation of the Synthesis Procedure of PPy@MoO3@Fe3O4 and 221 

PANI@MoO3@Fe3O4 222 

 223 

2.2.6. Characterization of the Nanoparticles 224 

Morphological analysis of MoO3@Fe3O4 and polymer-coated MoO3@Fe3O4 was 225 

conducted by using SEM (Nova NanoSEM 230). Each sample was initially coated with gold for 226 

30 s by using a Denton Desk V gold coater and then observed with the SEM at an accelerating 227 

voltage of 5 kV at varying magnifications. Crystallographic analysis of each material was 228 

performed by utilizing XRD (Rigaku MiniFlex 600 diffractometer with a Cu anode set to 40 kV 229 

and 15 mA and run with a scanning rate of 0.05°/s from 5° to 80° in 2θ). The XRD data were 230 

analyzed by using Match 3.0 and x’Pert Highscore Plus software to obtain crystallographic 231 

parameters such as the crystal size, lattice strain, microstrain, and dislocation density.(30,31) The 232 

surface chemical states were analyzed by using XPS (PHI Quantera SXM scanning X-ray 233 

microprobe with Al Kα (1486.6 eV) as the excitation source). The XPS measurements were 234 

calibrated by using C 1s 284.8 eV. The area ratio, spin–orbit splitting, and full width half-235 

maximum (FWHM) parameters were considered in the deconvolution of the spectra.(32) The 236 

functional groups present in the samples were determined by using an ATR-FTIR spectrometer 237 

(Nicolet iS10 mid-infrared FTIR spectrometer by Thermo Fisher Scientific, USA). 238 
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2.2.7. Polymer Growth Kinetics Monitored Using SANS 239 

To monitor the growth kinetics of aniline and pyrrole in situ, SANS was utilized. These 240 

experiments were conducted at the Oak Ridge National Laboratory using the General Purpose 241 

SANS instrument.(33,34) Three configurations with different combinations of neutron wavelength 242 

(λ) and sample–detector distance (SDD) were set to cover the scattering wavevector q range 243 

0.001–0.4 Å–1 for static scans. These configurations were λ = 12 Å, SDD = 19 m, λ = 4.75 Å, SDD 244 

= 6.8 m, and λ = 4.75 Å, SDD = 1.2 m. The kinetics scans were performed with λ = 4.75 Å and 245 

SDD = 6.8 m to cover the q range 0.001–0.02 Å–1. The time binning feature of SANS data 246 

reduction was used to obtained 5 min scans. To analyze the polymerization of aniline and pyrrole 247 

on MF1 and MF2, similar procedures to the synthesis of the PMF1 and PMF2 materials utilized 248 

in the RSM validation experiments and characterization were employed. However, amounts of 249 

materials were altered (scaled down to 1/16th) while keeping the molar ratios the same, and 250 

deuterated water was used instead of Milli-Q water to accommodate the SANS instrumentation 251 

and to increase the contrast. Briefly, for PMF1, MF1 (0.125 g) was dispersed in deuterated water 252 

(1.25 mL) and placed in an ice bath. Then, pyrrole monomer (7.5 μL) was added to the solution. 253 

Subsequently, APS solution (0.625 mL) made by dissolving 240.0 mg of APS (250.0 mg) in 254 

deuterated water (10 mL) was added to the mixture. Finally, part of the mixture (1 mL) was 255 

transferred to the reaction cell equipped on a tumbler for analysis. For PMF2, MF2 (63.25 mg) 256 

was dispersed in 2 M HCl (0.625 mL) in deuterated water, sonicated for 15 min, and placed in an 257 

ice bath. Subsequently, aniline monomer (6.25 μL) was added to 2 M HCl in deuterated water 258 

(0.625 mL), and this solution was mixed into the MF2 suspension. Next, the APS solution (0.625 259 

mL) made by dissolving APS (234.1 mg) in 2 M HCl with deuterated water (10 mL) was added to 260 

the mixture. Finally, part of the mixture (1 mL) was transferred to the reaction cell equipped on a 261 
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tumbler for analysis. Two additional materials were analyzed with SANS, PMF3 and PMF4. PMF3 262 

was synthesized by using the same procedure as with PMF1; however, the base material of PMF1 263 

(MF1) was replaced with MF2. Similarly, PMF4 was synthesized via the same procedure as PMF2; 264 

however, the base material of PMF2 (MF2) was replaced with MF1. The additional samples were 265 

analyzed to allow us to investigate how the base material affects the polymerization process of 266 

each polymer. Samples were loaded on quartz reaction cells equipped on a tumbler for analysis. 267 

The SANS instrument was set to take measurements of the sample every 5 min for a maximum of 268 

2 h at a set temperature of 2 °C. The resulting scattering data were analyzed and modeled by using 269 

the Igor64 software with the unified fitting tools from the Irena tool suite.(35−38) In the Irena 270 

unified model, each structural level of the unified equation contains two main terms, a Guinier 271 

exponential form and a structurally limited power law, where the sum of those terms allows us to 272 

approximate the intensity, I, at specific Q values (eq 2).(39,40) 273 

 (2) 274 

where 275 

 (3) 276 

is an error function to provide a smooth transition between the Guinier regime and the Porod 277 

regime. Gi and Bi are prefactors for the Guinier exponential and power law terms, 278 

respectively, Rg,i is the radius of gyration of the structure feature, and Pi describes the fractal 279 

dimension of the material. Bkgd arises from the incoherent scattering background of the samples. 280 
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By optimizing each parameter, we obtained a reasonably accurate approximation of the radius of 281 

gyration of the polymer layer. 282 

 283 

3. Results and Discussion 284 

3.1. Validation of the Nanomaterial Synthesis 285 

The response surface methodology (RSM) software that uses a numerical optimization 286 

technique was employed to obtain the optimum concentrations of the ammonium molybdate 287 

tetrahydrate (AMT), Fe3O4, and PPy or PANI when synthesizing PPy@MoO3@Fe3O4 (PMF1) 288 

and PANI@MoO3@Fe3O4 (PMF2), by maximizing the removal of methylene blue (MB) dye and 289 

minimizing material dissolution. To verify the validity of the models and to test the optimized 290 

materials, a set of validation experiments (MB removal and dissolution analysis) were performed. 291 

For both PMF1 and PMF2 the validation experiment results (presented in Table S2) indicated that 292 

the observed values for the MB dye degradation agree with the predicted values for both PMF1 293 

and PMF2, respectively. PMF1 exhibited 95.39% removal of MB dye in light and 70.26% removal 294 

in dark, which agreed with the predicted values. The dissolution of 4.12%, however, was better 295 

than the predicted value. In contrast, PMF2 showed 75.98% removal of MB dye in light, 60.18% 296 

removal in dark, and 5.6% dissolution, which showed no statistical significance when compared 297 

with the predicted values. Hence, based on these results, PMF1 exhibited better removal rates of 298 

MB and higher stability than PMF2. 299 

To gain a better understanding of the polymer coatings’ benefits on the nanoparticles, 300 

comparison of the uncoated and coated materials was also performed (Figure 1). Significant 301 

reduction in dissolution occurred when MF1 and MF2 were coated with PPy and PANI, 302 

respectively. The photocatalytic activity upon addition of PPy and PANI showed similar 303 
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improvements, demonstrating improved MB removal when exposed to low power (4 W) visible 304 

light when compared to other studies (Table S3). In the case of PPy addition, photocatalytic 305 

activity increased, while MB dye adsorption showed no significant changes between the uncoated 306 

and coated material after the polymer coating (MF1 and PMF1, respectively). The increase of MB 307 

removal during photocatalysis indicates that PPy acts as a photosensitizer, which could have aided 308 

the transfer of electrons to the conduction band of MoO3.(15) Similarly, the PANI coating on MF2 309 

demonstrated improved photocatalytic activity, indicating PANI is also beneficial in the 310 

photocatalytic process, albeit to a lesser extent than PPy. Likely, the synergistic interaction 311 

between MoO3 and PPy was better than that of MoO3 and PANI. It is also possible that the black 312 

color of PPy allowed improved light absorption compared to the green color of PANI, which 313 

ultimately affected the photocatalytic activity of the material.(41) In this case, since more photons 314 

could reach the PMF1 material, more electron hole pairs could be created, consequently increasing 315 

the reactive oxygen species present in the solution, which allowed better degradation of MB. 316 

Overall, based on the results, both materials showed high MB removal in light and improved 317 

stability in water because of the introduction of the different polymer coatings, demonstrating the 318 

added benefits of the coatings to the nanoparticles. 319 

 320 
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 321 

Figure 1. Methylene blue removal in light and dark and dissolution after 3 h by uncoated and 322 

coated materials (MF1, PMF1, MF2, and PMF2). 323 

 324 

3.2. Material Surface Morphology and Chemistry 325 

3.2.1. Optimized Material Morphology 326 

Scanning electron microscopy (SEM) images were acquired at each step of the PMF1 and 327 

PMF2 synthesis process (Figure 2). The estimated particle size diameters of MoO3@Fe3O4-1 328 

(MF1) ranged from 0.34 to 1.34 μm and from 0.24 to 1.25 μm for MoO3@Fe3O4-2 (MF2). 329 

Qualitatively, the magnetite appeared to have low polydispersity, while both 330 

MoO3@Fe3O4 materials (MF1 and MF2) presented larger polydispersity (Figure 2a). MF1 (Figure 331 

2b) displayed an increased particle size homogeneity as opposed to MF2 (Figure 2c), which can 332 

be attributed to the increased length of time in the synthesis of the material. The increased reaction 333 

time in solution allows the material to undergo a ripening process, such as Ostwald ripening or 334 

intraparticle growth.(42) After coating the MF1 with PPy, the size distribution of the material 335 

decreased, and the apparent smoothness of the material surface became more variable (Figure 2d). 336 

Similarly to PMF1, the surface of MF2 became rougher after the polymerization process of aniline 337 
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(Figure 2e), indicating successful formation of PANI on MF2. Compared with PMF1, PMF2 338 

showed a lower polydispersity than MF2, which was attributed to additional ripening occurring 339 

under the acidity of the solution in the PANI coating process and slower start of reaction indicated 340 

by the color of the solution. 341 

 342 

 343 

Figure 2. Scanning electron microscope images showing the morphology of (a) Fe3O4 (10000× 344 

magnification), (b) MF1 (6500× magnification), (c) MF2 (5000× magnification), (d) PMF1 345 

(magnification of 7000× for the large image and 6000× showing a large PPy-coated particle), and 346 

(e) PMF2 (magnification of 5000× for the large image and 27000× for the magnified image). 347 
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 348 

3.2.2. Crystal Structures 349 

The crystal structure and phase formation of the synthesized nanoparticles were measured by the 350 

X-ray diffraction (XRD) patterns. The XRD patterns of the Fe3O4, MF1, PMF1, MF2, and PMF2 351 

shown in Figure 3 were correlated by using Match 3.0 Software. 352 

 353 

 354 

Figure 3. XRD Pattern of Fe3O4, MF1, PMF1, MF2, and PMF2. 355 

 356 

The XRD pattern of Fe3O4 shows sharp diffraction peaks at 2θ = 35.7°, 63.1°, 57.5° and 357 

43.4°, which were assigned to the hkl values to planes (311), (404), (511), and (400), respectively. 358 

These diffraction peaks matched well with the 2θ calculated by the Match software, which is based 359 



19 

on the Crystallography Open Database (COD) entry number 96-900-6248 (COD 9006247) and 360 

indexed as the cubic crystal Fe3O4 system. 361 

The hexagonal structure of MoO3 was confirmed with the XRD spectra of MF1 and MF2, 362 

which were in good correlation with the spectra from the Crystallography Open Database (COD) 363 

entry number 96-431-6778 (COD 4316777).(43) The detectable peaks were located at 2θ = 9.9°, 364 

25.9°, 29.6°, and 19.8° for MF1 and at 2θ = 9.6°, 25.7°, 29.3°, and 19.4° for MF2, 365 

indicating hkl values of (100), (210), (111), and (200). Peaks of Fe3O4 were also observed in the 366 

spectra. The average crystal sizes of the MF1, PMF1, MF2, and PMF2 nanomaterials were 367 

calculated using the Scherrer equation and were found to be 26, 32, 37, and 44 nm, 368 

respectively.(30,31) Additional crystallographic parameters are presented in Table S4. The XRD 369 

patterns for both PMF1 and PMF2 showed that the peaks for MoO3 in MF1 and MF2 were 370 

maintained, respectively, even after the addition of polypyrrole (PMF1) and polyaniline (PMF2). 371 

In addition, the peak position hardly changed, which indicates that polymerization of polypyrrole 372 

and polyaniline took place on the surface of MF1 and MF2.(17) The sharp and detectable peaks 373 

indicate that the synthesized nanostructures were well-crystallized. Diffraction peaks of Fe3O4 had 374 

a lower intensity compared to the diffraction peaks of MoO3 due to the small amount of 375 

Fe3O4 present in the MF and PMF nanostructures. In Figure S3, there was a slight distortion and 376 

broadening of peaks in PMF1 between 20° and 30°, indicating the presence of amorphous 377 

PPy.(15,19) The PANI peaks in Figure 3 and Figure S4 decreased in intensity due to the 378 

polymerization of PANI on the surface of MF1.(44) Furthermore, a slight broad curvature of 379 

baseline at ∼25° was observed, which was ascribed to the amorphous nature of PANI; however, 380 

this change is subtle due to the highly crystalline nature of the metal oxide.(44) There was no 381 

further observation of diffraction peaks in the spectra, which indicated that the PPy and PANI do 382 
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not hinder the crystalline behavior of MF. The presence of the polymers PPy and PANI 383 

in PPy@MoO3@Fe3O4 and PANI@MoO3@Fe3O4 was further confirmed through ATR-FTIR 384 

analysis. 385 

3.2.3. Surface Components 386 

X-ray photoelectron spectroscopy (XPS) was utilized to determine the chemical state of the 387 

key surface components, such as molybdenum and carbon. The survey spectra of the magnetite, 388 

the uncoated magnetic MoO3 materials, and the polymer-coated materials are shown in Figure 4. 389 

The Fe peaks were clearly present in the Fe3O4 spectra but were not as apparent in the coated 390 

materials.(45) This was expected given that the magnetite is in the core of the material and XPS 391 

detailed analysis performance of embedded components (>10 nm) is limited as it is a surface-392 

sensitive technique.(46) In the MoO3@Fe3O4 materials (MF1 and MF2) the Mo 3d3/2 and Mo 393 

3d5/2 peaks were clearly present. Carbon and nitrogen peaks were also observed. Nitrogen was 394 

likely introduced during the synthesis process since nitric acid was utilized to allow the nucleation 395 

and growth of MoO3. In the PMF2 spectra, a peak at Cl 2p was detected, indicating introduction 396 

of Cl– ions in the material. The carbon peak can be attributed to adventitious carbon as well as 397 

small amounts of carbon impurities in the material. In the polymer-coated materials (PMF1 and 398 

PMF2), the carbon peaks became more prominent, as expected, due to the high carbon content of 399 

the polymers. In particular, the relative carbon content for MF1, MF2, PMF1, and PMF2 was 400 

calculated to approximately 13.6%, 19.1%, 31.3%, and 51.2%, respectively (additional relative 401 

atomic concentrations are shown in Table S5). This large increase of the relative carbon content 402 

in PMF1 and PMF2 as compared to MF1 and MF2 was indicative of the successful coating of PPy 403 

on MF1 and PANI on MF2. 404 

 405 
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 406 

Figure 4. XPS spectra of Fe3O4, MF1, PMF1, MF2, and PMF2, each offset by 60 × 103 c/s. 407 

 408 

To further analyze the surface components of the uncoated MoO3@Fe3O4 and the polymer-409 

coated MoO3@Fe3O4, detailed spectra of the carbon and molybdenum spectra were acquired. Fe 410 

2p spectra were also acquired and successfully verified the incorporation of Fe3O4 (Figure S5). 411 

The Mo 3d spectra of the uncoated MoO3@Fe3O4 are shown in Figure 5. MoO3 is the primary 412 

photocatalytic component of the material, and its oxidation state has been shown to directly affect 413 

the photocatalytic properties of the material.(4) A high Mo6+ to Mo5+ ratio indicates increased 414 

photocatalytic activity.(4) The beneficial effect of oxygen vacancies, resulting from the 415 

introduction of Mo5+ states, toward the photocatalytic activity of the material is owed to the 416 

narrowing of the bandgap due to delocalized states in the valence band overlapping with the 417 

valence band. The reduced bandgap increases light absorption in the visible spectral region, thus 418 

enhancing the material’s photocatalytic activity.(4) While the increased amount of oxygen 419 
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vacancies is beneficial in lowering the bandgap of the material, which can increase photocatalysis 420 

via increasing light absorption, it can also increase absorption of light by midgap states reducing 421 

the generation of excitons.(4) The reduction of excitons lessens the number of reactive oxygen 422 

species generated by the material, thus reducing its photocatalytic activity. 423 

 424 

 425 

Figure 5. XPS Mo 3d spectrum and fittings of (a) MF1 and (b) MF2. XPS C 1s spectra of (c) MF1, 426 

(d) PMF1, (e) MF2, and (f) PMF2. 427 

 428 

The fitted Mo 3d spectra of MF1 and MF2 and the percentage of each component present 429 

are shown in Figure 5 with additional information presented in Table S6. For MF1 and MF2 the 430 

ratio of Mo6+ to Mo5+ was 12.0 and 20.8, respectively. Interestingly, the Mo6+ to Mo5+ ratio for 431 

MF2 was similar to that of the nanorods synthesized by using a similar procedure,(4) indicating 432 

that the addition of the magnetic core had minimal influence on the chemical structure of MoO3. 433 

Rather, the amounts of the starting material, temperature, and reaction duration were the main 434 

factors contributing to the chemical differences. Furthermore, the magnetite particles, which are 435 

positively charged under acidic pH, can act as nucleation centers for MoO3 formation assisting in 436 
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the reaction process and altering the growth of the particles. While MF1 had a lower ratio of 437 

Mo6+ to Mo5+ than MF2, the photocatalytic activity of PMF1 was greater than that of PMF2, as 438 

shown in Table S2. This could be due to the fact that PPy, a black polymer, could favor light 439 

absorption more than PANI, a dark green polymer.(41) 440 

The changes of the carbon bond types in the polymerization are shown in Figure 5 (the 441 

core-level oxygen spectra, which also show the incorporation of C, are depicted in Figure S6). The 442 

peaks at ∼284.8 eV in MF1 and MF2 correspond to carbon impurities or adventitious 443 

carbon.(32,47) In PMF1 and PMF2, however, this peak is indicative of the presence of benzenoid 444 

rings from the polymers coated on the nanoparticles.(48) Furthermore, the peaks at approximately 445 

285.8, 287, and 288.5 eV were assigned to C–N/C═N/═C–NH+, C–O, and C═O bonds, 446 

respectively, which were present in PMF1 and PMF2.(49,50) The peaks at 290.7 and 290 eV for 447 

PMF1 and PMF2, respectively, were attributed to the π–π* transition component (shake-up signal) 448 

in the PPy or PANI aromatic rings.(50) 449 

3.2.4. Material Components 450 

The ATR-FTIR analysis was conducted to further show the successful coating of polymers 451 

on the nanoparticles. The FTIR spectra of the Fe3O4, MF1, PMF1, MF2, and PMF2 in the range 452 

of 2000–450 cm–1 are shown in Figure 6 and the spectra information for each of the materials is 453 

presented in Table S7. The bands between 600 and 450 cm–1 in the Fe3O4 and MoO3 spectra 454 

in Figure 6 resulted from the metal–oxygen vibrations. In particular, the characteristic band for 455 

Fe3O4 at 559.9 cm–1 corresponding to the torsion and vibration mode of the Fe–O bonds,(51) and 456 

bands at 517.3 and 568.4 cm–1 in the MoO3 spectra corresponding to the Mo–O–Mo bending 457 

vibrations were observed.(4,28) In addition, bands corresponding to the M═O stretching 458 

vibrations were present in the MoO3 spectra at 878.9 and 895.3 cm–1.(52,53) The band at 1403.5 459 
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cm–1 in the MoO3 spectra indicates N–H bending of NH4
+ groups in the structure.(52) In the PPy 460 

spectra, the bands at 1042.8 and 1305.1 cm–1 were assigned to C–H stretching vibrations, and the 461 

bands at 1174.5 and 1461.8 cm–1 and the PPy characteristic band at 1552.4 cm–1 were assigned to 462 

C–N stretching vibrations and aromatic ring vibrations, respectively.(54) In the case of the PANI 463 

spectra, characteristic bands indicative of the emeraldine oxidation of PANI were observed. In 464 

particular, the C═N stretching band of the quinoid diamine unit at 1564.7 cm–1 and the C–C 465 

aromatic ring stretching band of the benzenoid diamine unit at 1488.3 cm–1 were present.(55) 466 

Furthermore, peaks at 1296 and 1245 cm–1 were present due to the C–N stretching of secondary 467 

aromatic amine bonds (56) and C–N+ stretching vibrations,(57,58) respectively. In addition, the 468 

797.5 cm–1 peak was designated to the out-of-plane C–H bond deformation on the 1,4-disubstituted 469 

rings in PANI.(56) 470 

 471 
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 472 

Figure 6. ATR-FTIR spectra of Fe3O4, MoO3, MF1, PMF1, MF2, and PMF2 from top to bottom. 473 

Presence of carbon–carbon (C–C), carbon–hydrogen (C–H), carbon–nitrogen (C–N, C═N, C–N, 474 

C–N+), nitrogen–hydrogen (N–H), molybdenum–oxygen (Mo–O), and metal–oxygen–metal (M–475 

O–M such as Mo–O–Mo and iron–oxygen–iron) bonds are indicated in the spectra. 476 

 477 

When Fe3O4 was incorporated into MoO3, the M–O–M (metal–oxygen–metal single 478 

bonds) and Mo═O bands were preserved. Additionally, there was a broadening and intensity 479 

increase in the N–H bending peak of MoO3 at 1403.5 cm–1 from the inclusion of ammonium ions 480 

(NH4
+).(52,59) When MF1 was coated with PPy, there was a dampening of the M═O and M–O–481 

M peaks as well as peaks corresponding to C═C stretching vibrations and C–H in-plane vibrations, 482 

which are indicative of the coating of PPy on MF1.(28) Likewise, in the case of MF2 being coated 483 
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with PANI, there was also a decrease in the intensity of the Mo═O and M–O–M peaks. In addition, 484 

peaks corresponding to C–N stretching of the secondary aromatic amine and C–N+ stretching 485 

appeared in the PMF2 spectra, and the peak due to the benzenoid diamine unit disappeared due to 486 

the coating of PANI on MoO3. In the MF and PMF spectra several shifts and band changes were 487 

noticed as the MF material was coated with PPy or PANI. The N–H vibration peak in PMF1 and 488 

PMF2 vanished, while it was previously prominent in MF1 and MF2, indicating the change of 489 

NH4
+ present in the structure of MoO3 to NH3.(60) Furthermore, the Mo–O–Mo bending peaks in 490 

PMF1 and PMF2 underwent slight blue-shifts, the C–N stretching vibration of PPy showed a clear 491 

blue-shift in PMF1 and PMF2, and the C–N stretching peak underwent a red-shift, indicating 492 

strong intermolecular interactions by N–Mo in PMF1 and PMF2, likely as a result of hydrogen 493 

bonding or van der Waals attraction forces.(61) 494 

3.2.5. Polymerization Kinetics on the Surface of the Nanoparticles 495 

The polymer chains coated on the nanoparticles not only significantly altered the stability 496 

of these materials in water but also affected their absorptive and photocatalytic capabilities. 497 

Monitoring the kinetics of polymer growth on such materials can help us understand the effects of 498 

the base materials’ composition and chemistry on the polymer growth process, which is critical 499 

for tuning parameters to optimize the properties of the materials in their broad applications. 500 

In this study, we used in situ SANS to monitor the growth of polymers on the surface of the 501 

nanoparticles. SANS data were collected when either pyrrole or aniline polymerized on MF1 and 502 

MF2 to examine how the polymerization of PPy and PANI is affected by the base nanomaterial. 503 

The SANS profile and model fitting of each sample at the end of the polymerization are shown 504 

in Figure 7 and Table S8, respectively. The materials exhibited a multilevel structure, which is 505 
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reflected by the multiple “knees” and linear regions on the log–log plots of the SANS curves. The 506 

curves were fitted by using the unified exponential model.(35,40,62) 507 

 508 

 509 

Figure 7. SANS profiles after polymerization are completed for (a) PMF1 (PPy on MF1), (b) 510 

PMF3 (PPy on MF2), (c) PMF4 (PANI on MF1), and (d) PMF2 (PANI on MF2). The solid red 511 

line corresponds to the model fitting using eq 2. The decomposed contribution from each level is 512 

displayed as dotted lines. 513 

 514 
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Each scattering curve was modeled by using three structural levels as shown in Figure 7. 515 

However, PMF2 (PANI on MF2) had a fourth structural level. The fourth structural level located 516 

in the low-Q region in PMF2 (Figure 7d) indicated the presence of larger structures in the PMF2 517 

data compared to other samples (PMF1, PMP3, and PMF4). Such structures may arise from large 518 

nanoparticle aggregates; unfortunately, the size of these aggregates cannot be determined by SANS 519 

since it is outside the instrument’s resolution.(39) The structural features corresponding to levels 520 

1 and 3 arose from the base material (MF1 or MF2) as P exponent values between 3 and 4 indicate 521 

a surface fractal type for these levels.(62) The Rg of the level 3 fell between 274 and 300 nm. The 522 

level 2 structure was ascribed to the polymer chains on the material considering the P exponents 523 

fell between 1.5 and 3, corresponding to the mass fractals of polymer chains.(62) This region 524 

changed the most during the polymerization process as evidenced by the Rg changes. In Table S8, 525 

the final Rg values of level 2 after the polymerization ended were 56.1 ± 0.56, 136.9 ± 0.92, 63.5 526 

± 0.22, and 124.5 ± 3.6 nm for PMF1 (PPy on MF1), PMF2 (PANI on MF2), PMF3 (PPy on MF2), 527 

and PMF4 (PANI on MF1), respectively. The different Rg values indicate that polymer type and 528 

base material’s surface properties influenced the polymer chain growth, agreeing with previous 529 

reports in which Rg was found to depend on the base material surface, polymer type, and the 530 

original concentration of the base material in the solution.(63) 531 

The growth of the PPy and PANI chains on the surface of the base materials as a function of 532 

time is shown in Figure 8. PPy polymerization initiated faster yet had a slower rate than PANI, 533 

while PPy was more affected by the base material properties than PANI polymerization. These 534 

observations resulted from the differences in polymerization mechanisms between the two 535 

polymers. In the mechanism of PPy growth, oxidation of pyrrole monomers led to the formation 536 

of positively charged dimers.(64) The negative charge of MoO3 offered a strong electrostatic 537 
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attraction toward the pyrrole dimers promoting polymerization as the dimers could readily attach 538 

to the negatively charged surface of MoO3, which initiated the polymer chain growth (Figure 9a). 539 

The polymerization rate was hindered, however, by the competitive interaction between the dimers 540 

attaching to MoO3 and attaching to each other to form longer chains. PANI’s chain growth was 541 

much faster than that of PPy once polymerization started. Polymerization of aniline on both base 542 

materials started after 60 min, which was consistent with our visual observation of solution color 543 

change. PANI formation mechanism is affected by many factors (acidity, monomer concentration, 544 

temperature, etc.) and is still controversial.(65) To initiate polymerization, aniline needs to be 545 

oxidized to cation radicals. These radicals have different resonating forms with varying 546 

reactivities, which may result in the formation of diverse chain architectures.(65) Furthermore, the 547 

acidity of the media impacts the degree of protonation of oligomers, which may lead to a different 548 

reaction pathway, thereby altering polymerization kinetics.(65) Our results were consistent with 549 

the theory behind aniline polymerization in acidic media in which oligomer nucleates form 550 

slowly.(21,66) This induction period can be very slow depending on the starting temperature and 551 

acidity of the media; however, the subsequent polymerization rate is rapid.(20,21,66) In highly 552 

acidic solutions, intermediate compounds are thought to be formed in the induction period 553 

(iminoquinonid compounds consisting of compounds similar to nigraniline and 554 

pernigraniline).(67) The intermediates act as strong oxidants due to their protonation in acidic 555 

media.(67) However, rather than oxidizing aniline, which is a neutral compound, such protonated 556 

compounds can preferentially react with the MF surface in areas in which oxygen vacancies 557 

generate donor states and, as a consequence, prolong the induction period. The reactivities of the 558 

species that participate in the PPy polymerization process and the PANI polymerization process 559 

are vastly different, which led to the changes in polymerization initiation and rate depicted 560 
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in Figure 9. Additionally, the polymerization process not only depends on the rate of the reactions 561 

but it also depends on adsorption equilibrium constants.(20) Competitive interaction between 562 

oligomers and nucleates adsorbing on the surface of the MF material and assembling with other 563 

oligomers or nucleates can further slow polymer chain growth initiation and affect polymerization 564 

rate. 565 

 566 

 567 

Figure 8. Radius of gyration as a function of time from the fitted curves of each polymer-coated 568 

material. 569 

 570 
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 571 

Figure 9. Base material effects on polymer formation: (a) attachment of cationic species on the 572 

base material competes with their attachment on existing polymer chains or oligomers, (b) 573 

increased base material concentration can lead to larger polymers, and (c) a decrease in oxygen 574 

vacancies leads to longer chains on average due to the reduction of potential attachment points on 575 

the base material surface. 576 

 577 

The ultimate size of polymer chains grafted on nanoparticles largely depended on the 578 

concentration of the nanoparticles. The size of PANI chains after the polymerization ended was 579 

almost double the PPy chain size. In the PPy polymerization process, the concentration of the base 580 

material was much larger than the base material concentration in PANI chain growth (0.66 and 581 
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0.34 g/mL, respectively). Because of the greater amount of available substrate surface present and 582 

the fixed monomer concentration in PPy polymerization, the average polymer chain length was 583 

expected to be shorter (Figure 9b), which was consistent with the SANS results. The difference in 584 

monomer structure between pyrrole and aniline is another factor that can affect the final chain 585 

length of the grafted polymers. PPy exhibits a zigzag shape while PANI has a straight conformation 586 

(Scheme S1). If the polymerization number is the same, the final size of PANI is expected to be 587 

longer than that of PPy. 588 

An important similarity between the polymerization of PPy and PANI on MF1 and MF2 589 

was the tendency of the material that had MF1 as the core to result in a smaller final Rg of 590 

polymers. Because the difference in size of MF1 and MF2 was subtle, the determining factor in 591 

the magnitude of Rg could be associated with the surface chemistry of the base material. Material 592 

defects in the MoO3 structure, in particular oxygen vacancies, are capable of enhancing dimer 593 

attachment as well as promoting pyrrole and aniline monomer oxidation due to their higher surface 594 

reactivity, which facilitates the generation of donor or acceptor states.(1,68) As shown in the XPS 595 

analysis of the MoO3 in MF1 and MF2, MF1 presented a larger number of oxygen vacancies than 596 

MF2 as indicated by the smaller Mo6+:Mo5+ ratio. Thus, the MF1 surface was more reactive than 597 

the MF2 surface, which could have promoted monomer oxidation or provided attachment centers 598 

for PPy dimers or PANI oligomers (Figure 9c). Therefore, an increase in PPy and PANI Rg and 599 

rate of polymerization on MF2 rather than on MF1 was expected, which was consistent with the 600 

SANS results. 601 

Furthermore, polymerization for both PPy and PANI could be enhanced or hindered 602 

depending on the reaction conditions (monomer, oxidant, substrate material concentrations, media 603 

acidity, etc.). Because of their polycationic nature, their oligomers preferentially adsorb on 604 
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hydrophobic areas of surfaces.(66) Hydrophobicity in a material is introduced by oxygen 605 

vacancies(69) supporting our data that showed increased surface adsorption of either PANI or PPy 606 

on MF1 rather than MF2 due to the higher amount of oxygen vacancies present in the MF1 607 

structure (Figure 9c). Additionally, the Rg growth can be affected by the uniformity via which the 608 

oligomers attached on each surface. Chain attachment tends toward higher uniformity when the 609 

surface is more hydrophobic, which leads to the formation of polymer brush-type structures rather 610 

than granular ones.(66) While the charge differences between MF1 and MF2 was unlikely to 611 

change the architecture formed, a more ordered attachment allowed more oligomers to adsorb on 612 

the surface of the material. Thus, for MF1, the higher number of oligomers attaching to its surface 613 

resulted in the formation of shorter chains due to the fixed availability of monomers in solution 614 

and increased probability of polymer growth termination.(70) Furthermore, the increase in density 615 

of polymer chains on the surface of MF1 hindered the polymerization rate likely due to the increase 616 

of mass-transfer-limited reactions at the surface rather than reaction-limited 617 

polymerization.(70) As such, polymer length and polymerization rate were reduced, and the 618 

final Rg was smaller for MF1 rather than MF2. 619 

4. Conclusion 620 

In this study, we developed two visible-light photocatalytic magnetic MoO3 nanomaterials, 621 

with varying oxygen vacancies, which were coated with conducting polymers (PPy or PANI) to 622 

decrease the solubility of the nanomaterials and increase their photocatalytic properties, improving 623 

their utility in water treatment. Furthermore, we monitored the polymerization kinetics of the 624 

nanomaterials to elucidate how the surface chemistry of base materials, in particular oxygen 625 

vacancies, would affect polymerization of pyrrole and aniline. Our results revealed that particle 626 

surface chemistry can have numerous effects, including the promotion of monomer oxidation, 627 
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enhancement of dimer or oligomer adsorption on the surface of the particle, and oligomer 628 

attachment uniformity. Despite the complexity of polymer growth on nanostructured materials, 629 

neutron scattering allowed us to form a more concrete theory on the polymerization kinetics of 630 

two conjugated polymers.  631 
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PPy polypyrrole 634 

PANI polyaniline 635 

MF MoO3@Fe3O4 636 

PMF1 PPy@MoO3@Fe3O4 637 

PMF2 PANI@MoO3@Fe3O4 638 

VOC volatile organic compound 639 

RSM response surface methodology 640 

SANS small-angle neutron scattering 641 

AMT ammonium molybdate tetrahydrate 642 

AAS atomic absorption spectrometry 643 

MB methylene blue 644 

APS ammonium persulfate 645 

Py pyrrole monomer 646 

SEM scanning electron microscopy 647 

XPS X-ray photoelectron spectroscopy 648 

COD crystallography open database 649 

Rg radius of gyration 650 
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