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Graphical Abstract 

 

 

 

BiOI flower-like microspheres prepared using N(Bu)4I as iodine source and 

template exhibit high photocatalytic activity under visible light. 
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Abstract 18 

BiOI hierarchical flower-like microspheres were hydrothermally prepared, using 19 

tetrabutylammonium iodide as an iodine source and template. Many BiOI hierarchical 20 

structures have been synthesized using KI, NaI, HI or ionic liquids as the iodine 21 

source, but the use of alkyl ammonium iodide as the iodine source was not reported in 22 

the literature. The so-obtained BiOI samples were characterized by X-ray diffraction, 23 

scanning electron microscopy, transmission electron microscopy, nitrogen sorption 24 

measurements, and ultraviolet-visible diffuse reflectance spectroscopy. The effects of 25 

hydrothermal temperature and time on the BiOI crystal structure and morphology 26 

were investigated. The BiOI microspheres were composed of BiOI nanosheets. The 27 

photocatalytic performance of the BiOI samples was determined from the degradation 28 

of Rhodamine B, under visible light irradiation. BiOI microspheres prepared at 29 

160 °C over 30 h exhibited excellent photodegradation efficiency, which was more 30 

than five and seven times higher than those of BiOI nanoplates and N-doped TiO2, 31 

respectively. The high photocatalytic performance was attributed to the high specific 32 

surface area and low nanosheet thickness. A morphologic factor was proposed to 33 

represent the ratio of specific surface area to nanosheet thickness, and correlated to 34 

the photodegradation efficiency of the BiOI samples. The photocatalytic efficiency 35 

increased with increasing morphologic factor. The BiOI photocatalyst exhibited 36 

excellent stability and reusability, and has potential in environment remediation. 37 

 38 

Keywords: BiOI, flower-like microsphere, photocatalysis, hierarchical structure 39 

40 
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1. Introduction 41 

Environmental pollution currently receives global attention [1-2], and new 42 

technologies and materials are continually being developed to assist with this problem. 43 

The photodegradation of pollutants by semiconductor photocatalysts is a promising 44 

approach, which has evoked great interest among scientists [3-6]. TiO2 has received 45 

tremendous attention throughout the last two decades, because of its wide availability 46 

and low toxicity [7-9]. TiO2 has a wide band gap (3.2 eV), so is responsive to 47 

ultraviolet wavelengths. It exhibits low photocatalytic activity under sunlight 48 

conditions, which limits its use [10-12]. Developing efficient visible light 49 

photocatalysts is of great importance. 50 

BiOI has a narrow band gap (1.77–1.92 eV), and has attracted much interest as a 51 

visible light photocatalyst for pollutant degradation [13-16]. It is a ternary compound 52 

with a layered structure, characterized by [Bi2O2]
2+ slabs interleaved by double slabs 53 

of iodine atoms [17-19]. Several BiOI nanostructures have been reported, including 54 

nanoplates [20-22] and three-dimensional (3D) hierarchical microspheres [23-27]. 55 

Zhang et al. synthesized flower-like BiOI nanoplates via an ethylene glycol 56 

(EG)-assisted solvothermal process at 170 °C [25]. Xia et al. fabricated BiOI porous 57 

microspheres by a reactable ionic liquid (1-butyl-3-methylimidazolium iodine) 58 

assisted solvothermal method [26]. Ren et al. prepared hollow flower-like 59 

microspheres with the assistance of polyvinylpyrrolidone and citric acid through a 60 

solvothermal process at 70 °C [27]. These BiOI hierarchical structures were 61 

synthesized using KI, NaI, HI or ionic liquids as the iodine source [25-34], but the use 62 

Page 4 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



of alkyl ammonium iodide as the iodine source was not reported in the literature.  63 

Herein, we report the hydrothermal synthesis of BiOI flower-like microspheres, 64 

in which tetrabutylammonium iodide (TBAI) was used as an iodine source and 65 

template. To the best of our knowledge, this is the first report of a BiOI hierarchical 66 

structure synthesized using an alkyl ammonium iodide as the iodine source. The 67 

effects of hydrothermal reaction temperature (TH) and time (tH) on the crystal structure, 68 

morphology, and photocatalytic performance of the BiOI samples were investigated. 69 

The BiOI flower-like microspheres exhibited higher photocatalytic activity than BiOI 70 

nanoplates and N-doped TiO2 (N-TiO2), and have potential in environment 71 

remediation. 72 

2. Experimental 73 

2.1. Materials 74 

Bi(NO3)3·5H2O, KI, urea, and ethanol were of AR grade and purchased from 75 

Aladdin (P. R. China). Commercial P25 TiO2 was purchased from Degussa (Germany). 76 

TBAI was of AR grade and purchased from Sinopharm (P. R. China). All chemicals 77 

were used as received. Ultrapure water obtained from a Hitech-Kflow water 78 

purification system (Hitech, P. R. China) was used throughout experiments. 79 

2.2. Preparation of BiOI flower-like microspheres 80 

0.1 g of Bi(NO3)3·5H2O in 20 mL of ethanol was stirred for 15 min, and the pH 81 

of the Bi(NO3)3 precursor was 1.42. 0.076 g of TBAI in 20 mL of water was added 82 

dropwise under stirring. The color of the suspension gradually changed from yellow 83 

to red, and the pH of the system changed to 2.13. After stirring for 20 min, the 84 

Page 5 of 27 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



mixture was transferred to an 80-mL polytetrafluoroethylene-lined stainless steel 85 

autoclave, and heated to TH for different tH. The product was collected by filtration, 86 

washed thoroughly with water, and dried at 60 ºC for 12 h. The prepared products 87 

were denoted as Bi-TH/tH. In addition, BiOI nanoplates (denoted Bi-p) were prepared 88 

with KI as an iodine source via a similar process (S1, Supporting Information). 89 

N-TiO2 was synthesized according to the literature [35] (S2, Supporting Information). 90 

2.3. Characterization 91 

Powder X-ray diffraction (XRD) patterns were recorded using a D8 Advance 92 

diffractometer (Bruker, Germany), with Cu Kα radiation (λ = 1.54184 Å). 93 

Field-emission scanning electron microscopy (SEM) images were collected using a 94 

Supra55 microscope (ZEISS, Germany). Transmission electron microscopy (TEM) 95 

and high-resolution TEM (HRTEM) images were collected using a Jeol JEM-2100F 96 

microscope (Japan). Specific surface areas (SBET) were determined by measuring 97 

volumetric N2 adsorption-desorption isotherms at liquid nitrogen temperature, using 98 

an ASAP 2020 HD88 instrument (Micromeritics, USA). Ultraviolet-visible diffuse 99 

reflectance spectra (DRS) were recorded on a Cary 100 spectrophotometer (Agilent, 100 

USA) with a BaSO4 reference. Dynamic light scattering (DLS) analyses were carried 101 

out at 25 °C, using a Brookhaven Model (BI-200SM) instrument equipped with an Ar 102 

laser lamp (300 mW at 532 nm). 103 

2.4. Photocatalytic activity measurements 104 

The photocatalytic performance of the as-prepared catalysts under visible light 105 

irradiation was evaluated by degrading RhB at room temperature, using a XPA-7 106 
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photocatalytic reaction apparatus (Xujiang Electromechanical Plant, P. R. China). A 107 

400-W metal halide lamp was used as the light source, and was equipped with an 108 

ultraviolet cutoff filter (λ ≥ 420 nm) to provide visible light. The distance between the 109 

lamp and glass tubes containing dye solutions was ~10 cm. A water filter around the 110 

lamp was used to absorb infrared light. The reaction tubes around the lamp were 111 

soaked in a bath with temperature of 20 °C. In a typical process, 0.01 g of BiOI was 112 

dispersed in 50 mL of aqueous solution containing 10 mg/L of RhB. Prior to 113 

irradiation, the suspension was magnetically stirred, with a stirring rate of 1000 rpm, 114 

in dark for 30 min to achieve sorption equilibrium of RhB on the catalyst surface. 115 

Approximately four microliters aliquots of suspension were removed from the 116 

reaction tube every 10 min, and centrifuged (7100 ×g) for 5 min to remove particles. 117 

The pH values of suspensions were 7.3 ± 0.2 at the beginning and increased to 7.7 ± 118 

0.1 after reactions. The RhB concentration was determined using a SP-1105 visible 119 

spectrophotometer (Spectrum, P. R. China), by measuring the absorbance at 554 nm. 120 

The ratio of the RhB concentration to its initial concentration (C/C0) was obtained by 121 

calculating the ratio of the corresponding absorbances. 122 

3. Results and Discussion 123 

3.1. XRD analysis 124 

Figure 1 shows XRD patterns of the BiOI samples prepared at different TH and tH. 125 

Retaining TH at 160 °C while varying tH from 6 to 48 h, resulted in all samples 126 

exhibiting the characteristic peaks of highly crystalline BiOI (Fig. 1a). Peaks at 19.3, 127 

29.6, 31.7, 37.1, 39.3, 45.5, 51.4, 55.2, 60.2, and 66.3° corresponded to the (002), 128 
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(012), (110), (013), (004), (014), (114), (212), (115), and (220) planes, respectively, 129 

and were indexed to the tetragonal phase of BiOI (JCPDS Card no. 10-0445). No 130 

peaks of impurities were observed. Among these BiOI samples, Bi-160/30 exhibited 131 

the highest intensity XRD peaks, suggesting it possessed the highest crystallinity. Bi-p 132 

exhibited a similar XRD pattern (Fig. S1, Supporting Information). The effect of TH 133 

was investigated at a constant tH of 30 h (Fig. 1b). Decreasing TH to 120 °C or 134 

increasing to 180 °C (from the initial TH of 160 °C) resulted in decreased crystallinity, 135 

as indicated by decreased XRD peak intensities. Thus, the optimal TH and tH for 136 

preparing highly crystalline BiOI were 160 °C and 30 h, respectively. 137 

 138 
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 140 

Fig. 1 XRD patterns of BiOI samples prepared at (a) 160 °C for tH and 141 

(b) different TH for 30 h. 142 

 143 

In addition, the average crystallite sizes of the BiOI samples were calculated 144 

from the (012) peaks of the XRD patterns using the Scherrer formula, and were in the 145 

range of 17.9–29.5 nm (Fig. S2, Supporting Information). No obvious trend in 146 

average crystallite sizes was observed with either TH or tH. 147 

3.2. SEM and TEM analyses 148 

Figure 2 shows SEM and TEM images of the BiOI samples. Non-uniform 149 

nanoplates were observed for Bi-p (Fig. 2a and c), which had an average size and 150 

thickness of about 1–2 µm and 65.7 nm, respectively. Bi-160/30 exhibited a 151 

morphology consisting of three-dimensional, hierarchical, flower-like microspheres, 152 

with diameters of ~2 µm (Fig. 2b and d). These flower-like BiOI microspheres were 153 

constructed from nanosheets of average thickness ~26.4 nm (Fig. 2b). Insets in Fig. 2c 154 

and d showed HRTEM images of Bi-p and Bi-160/30, respectively. The observed 155 

lattice fringe spacing of 0.282 nm was corresponded to (110) facets. 156 
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  157 

  158 

 159 

Fig. 2 (a, b) SEM and (c, d) TEM images of (a, c) Bi-p and (b, d) 160 

Bi-160/30. Insets show HRTEM images. 161 

 162 

To investigate intermediates and the formation mechanism of the flower-like 163 

microspheres, a time-evolution experiment was conducted at TH of 160 °C, to track 164 

the morphologic change of BiOI crystals. The reagents and precursors were first 165 

characterized, so that the change in morphology of the products could be better 166 

understood. The average hydrodynamic diameter of TBAI micelles (or aggregates) in 167 

solution was ~102 nm, as measured by DLS (Fig. S3, Supporting Information). 168 

Bi(NO3)3 in ethanol exhibited irregular flake particles (Fig. 3a). Mixing Bi(NO3)3 169 

with H2O resulted in a rapid reaction producing BiONO3 [36]. BiONO3 was prepared 170 

by mixing the ethanol dispersion of Bi(NO3)3 and water, and exhibited disc-shaped 171 

particles of size ~1.5 µm, which appeared to consist of flakes (Fig. 3b). Both the 172 
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ethanol dispersion of Bi(NO3)3 and the TBAI micelle solution were colorless. Mixing 173 

these two systems immediately produced a brown dispersion. The SEM image of the 174 

resulting BiOI (Bi-25/0) showed nanosheets of thickness ~73.9 nm (Fig. 3c). This was 175 

significantly different from the morphologies of BiONO3 and Bi(NO3)3 in ethanol 176 

(Fig. 3a and b). This suggested that the formation of BiOI was very quick, which was 177 

supported by XRD measurements (Fig. S4, Supporting Information). No characteristic 178 

reflections of BiONO3 were observed in the XRD patterns of any BiOI sample.  179 

After hydrothermal treatment at 160 °C for 1 h, only irregular BiOI nanosheets 180 

were observed (Fig. 3d). This suggested that no obvious change in BiOI morphology 181 

occurred. When the tH was increased to 6 h, rudiments of the flower-like microspheres 182 

were formed by the nanosheets (Fig. 3e). These flower-like rudiments gradually grew 183 

with increasing tH (Fig. 3f). When tH was >18 h, integral flower-like microspheres 184 

were formed (Figs. 2b, 3g, 3h, and 3i). Increasing tH to above 36 h caused some 185 

degree of destruction to the microsphere structure (Fig. 3j and k), which resulted in 186 

loose aggregates. The influence of TH on the morphology of BiOI was also 187 

investigated at tH of 30 h. No integral flower-like microspheres were obtained at TH of 188 

120, 140, and 180 °C, as shown in Figs. 3l, m, and n, respectively. This suggested that 189 

a TH of 160 °C was suitable for forming the flower-like microspheres. 190 

  191 
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  196 

  197 

 198 

Fig. 3 SEM images of (a) Bi(NO3)3, (b) BiONO3, (c) Bi-25/0, (d) Bi-160/1, (e) 199 

Bi-160/6, (f) Bi-160/12, (g) Bi-160/18, (h) Bi-160/24, (i) Bi-160/36, (j) 200 

Bi-160/42, (k) Bi-160/48, (l) Bi-120/30, (m) Bi-140/30, and (n) 201 

Bi-180/30. 202 

 203 

Based on the above discussion, a possible formation mechanism of the 204 

flower-like microspheres is proposed, as illustrated in Scheme 1. Mixing the ethanol 205 

dispersion of Bi(NO3)3 and TBAI micelle solution caused the TBAI micelles to act as 206 

reaction centers. The reaction between I- and Bi2O2
2+ formed BiOI nuclei at the 207 

micelle surface. These nuclei gradually grew into nanosheets embedded in the 208 

micelles, to form aggregates. Dissolution-recrystallization occurred during 209 

hydrothermal treatment, causing the nanosheets to gradually bond, forming 210 

flower-like rudiments and then compact microspheres. The flower-like BiOI 211 

microspheres were retained after washing out the TBAI cations. In this process, TBAI 212 
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functioned as an iodine source and template. Excess tH resulted in Ostwald ripening, 213 

where larger sheets continued to grow and smaller ones disappeared. This may have 214 

been responsible for the partial destruction of the microsphere structure. 215 

 216 

 217 

Scheme 1 Proposed formation mechanism of the BiOI flower-like microspheres. 218 

 219 

All BiOI samples obtained at different TH and tH exhibited hierarchical structures 220 

constructed from many nanosheets (Figs. 2 and 3). The average thicknesses of a 221 

nanosheet in each BiOI sample (Hns) was measured from >50 nanosheets for each 222 

sample, and the results are shown in Fig. 4. Increasing tH at a constant TH of 160 °C 223 

resulted in the Hns of the Bi-160/tH samples to gradually decrease and then increase. 224 

Bi-160/30 exhibited the lowest Hns. Samples prepared at higher and lower TH 225 

exhibited increased Hns. The reason for the change in Hns with TH and tH has not yet 226 

been resolved. 227 

 228 
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 229 

Fig. 4 Average nanosheet thicknesses of BiOI samples. 230 

3.3. N2 sorption isotherms 231 

N2 adsorption-desorption isotherms were measured to determine the SBET of the 232 

BiOI-TH/tH and Bi-p samples, and the results are shown in Fig. 5. All isotherms were 233 

of type IV with H3 hysteresis loops [37-38], which were characteristic of mesoporous 234 

materials. SBET (m2/g) values were analyzed by the Brunauer-Emmett-Teller (BET) 235 

method, from the adsorption branch of the isotherms, and the results are also shown in 236 

Fig. 5. No obvious trend in SBET was observed with increasing TH at constant tH of 30 237 

h, or with increasing tH at constant TH of 160 °C. The SBET of Bi-160/30 was 14.4 m2/g, 238 

which was twice more than that of Bi-p (5.5 m2/g). 239 
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Fig. 5 N2 adsorption-desorption isotherms and SBET values of BiOI samples. 241 

3.4. Optical absorption properties 242 

The optical properties of the BiOI samples were investigated by 243 

ultraviolet-visible DRS, and are shown in Fig. 6. Bi-p and Bi-160/30 exhibited 244 

absorption edges up to ~650 nm, which indicated a small band gap. An absorption 245 

peak at ~450 nm was also exhibited by both samples. The band gaps of crystalline 246 

semiconductors can be calculated from their absorption spectra according to: 247 

αhv = K (hv − Eg)
n/2,                                        (1) 248 

where K, α, v, and Eg are the proportionality constant, absorption coefficient, light 249 

frequency, and band gap, respectively. n depends on the transition characteristics of 250 

the semiconductor, and values of 1 and 4 correspond to direct and indirect band-gap 251 

semiconductors, respectively. BiOI has been shown to have an n value of 4 [39]. Thus, 252 

the band gaps of Bi-p and Bi-160/30 were determined to be about 1.81 eV (Fig. 6, 253 

inset), which are similar to reported values [13]. 254 
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 255 

Fig. 6 Ultraviolet-visible diffuse reflectance spectra of BiOI samples. 256 

Insert shows (αhν)1/2 versus hν curves. 257 

3.5. Photocatalytic activity 258 

The photocatalytic performance of the BiOI samples was evaluated by degrading 259 

RhB under visible light irradiation, and was compared with that of N-TiO2 and P25 260 

TiO2. The results are shown in Fig. 7(a) and (b). No obvious degradation of RhB was 261 

observed in the absence of a photocatalyst. Bi-160/30 exhibited the highest 262 

photocatalytic efficiency among the tested catalysts. Approximately 88% of RhB was 263 

degraded by Bi-160/30 after 50 min. 264 

The pseudo-first-order kinetics model was used to fit the photodegradation data, 265 

the equation for which is: 266 

−ln(Ct/C0) = kt,                                           (2) 267 

where k and t are the apparent first-order rate constant and irradiation time, 268 

respectively. The model fitting plots and corresponding k values are shown in Fig. 7(c) 269 

and (d), respectively. Bi-160/30 exhibited the highest k, which was 5, 7, and 20 times 270 

higher than those of Bi-p, N-TiO2 and P25 TiO2, respectively. 271 
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 274 

Fig. 7 (a, b) Photocatalytic degradation of RhB, (c) pseudo first-order kinetics 275 

fitting plots and (d) apparent first-order rate constants for various photocatalysts. 276 

 277 

The effect of pH on the photodegradation activity of Bi-160/30 was studied (Fig. 278 

S5, Supporting Information). The degradation rate almost kept constant at pH 3‒7.5, 279 

but dramatically decreased at pH > 8. The isoelectric point of the BiOI sample is pH 280 

7.72. The decrease of degradation rate at pH > 8 was probably ascribed to the 281 

decreased RhB adsorption on the surface of Bi-160/30 owing to the high electrostatic 282 

repulsion between RhB and Bi-160/30. 283 

Stability and reusability are important considerations for the use of 284 

photocatalysts in practical application. Fig. 8 shows cycling experiments for RhB 285 
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degradation by Bi-160/30. After three consecutive runs, the photocatalytic efficiency 286 

of Bi-160/30 declined by < 6%. The XRD patterns and SEM images showed that the 287 

structure and morphology of Bi-160/30 remained largely constant throughout the 288 

three cycles (Fig. 9). Thus, Bi-160/30 exhibited high stability and reusability during 289 

the photocatalytic reactions. 290 
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Fig. 8 Three consecutive RhB degradation cycles by Bi-160/30. 293 
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Fig. 9 (a) XRD patterns and (b) SEM image of Bi-160/30 after three consecutive 297 
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photocatalytic degradations of RhB. 298 

 299 

Understanding the effect of a photocatalysts morphology on its photocatalytic 300 

performance is of theoretical and practical importance. Large specific surface areas 301 

and low lamella thicknesses for flaky photocatalysts generally enhance photocatalytic 302 

performance [40-41]. Large specific surface areas favor the adsorption of more 303 

organic pollutants, and provide more reactive sites on the photocatalyst surface [42]. 304 

Low lamella thicknesses can allow photogenerated electrons and holes to transfer to 305 

the particle surface in a shorter distance, and thus decrease the recombination of 306 

electrons and holes [43-44]. The amount of adsorbed RhB on the BiOI samples 307 

increased with increasing SBET (Fig. S6, Supporting Information). However, no 308 

obvious trend in k was observed with either SBET or Hns (Fig. S7, Supporting 309 

Information). This was because SBET and Hns were not constant for the BiOI samples. 310 

k was found to correlate well with SBET/Hns, as shown in Fig. 10. With increasing 311 

SBET/Hns, k gradually increased, and then dramatically increased at SBET/Hns > ~0.53 312 

m2/(g·nm). SBET/Hns represented the ratio of specific surface area to lamella thickness, 313 

and was referred to as the morphologic factor (Fm). Fm reflected the effects of SBET 314 

and Hns on the photocatalytic performance of the photocatalysts. 315 
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Fig. 10 Dependence of rate constant and degraded RhB percentage on Fm. 317 

 318 

The photodegradation of organic pollutants may involve one or more of the 319 

active species •OH, h+, •O2
- and e- [45]. To investigate the contributions of these 320 

active species, different scavengers were added to the photocatalytic degradation 321 

reaction, with Bi-160/30 used as the model photocatalyst. Tert-butyl alcohol (t-BuOH) 322 

was used as the scavenger for •OH [46], sodium oxalate for h+ [47], benzoquinone 323 

(BQ) for •O2
- [46], and potassium dichromate for e- [48]. Fig. 11 shows the effects of 324 

the scavengers on the photocatalytic efficiency. In the presence of t-BuOH or K2Cr2O7, 325 

the photocatalytic efficiency of Bi-160/30 was slightly reduced, indicating that •OH 326 

and e- were not significant in the photodegradation process. When BQ or sodium 327 

oxalate was added to the dispersion, the photocatalytic activity of Bi-160/30 328 

decreased significantly, indicating that •O2
- and h+ played important roles. Therefore, 329 

•O2
- and h+ were the main active species for RhB degradation by BiOI, in agreement 330 
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with previous reports [49]. 331 
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 333 

Fig. 11 Photodegradation efficiency of RhB over Bi-160/30, in the 334 

presence of different scavengers: 20 mM t-BuOH, 0.2 mM 335 

sodium oxalate, 10 mM K2Cr2O7, and 0.1 mM BQ. 336 

4. Conclusions 337 

Three-dimensional, hierarchical, flower-like BiOI microspheres were 338 

hydrothermally prepared, using TBAI as an iodine source and template for the first 339 

time. The BiOI microspheres had an average diameter of ~2 µm, and consisted of 340 

BiOI nanosheets. The photocatalytic performance of the BiOI samples was influenced 341 

by their specific surface area and nanosheet thickness. Fm was used to describe the 342 

photodegradation performance of the BOI samples, with photocatalytic efficiency 343 

increasing with increasing Fm. Bi-160/30 exhibited the highest photodegradation 344 

efficiency for RhB under visible light irradiation, which was five and seven times 345 

more than those of Bi-p and N-TiO2, respectively. Bi-160/30 exhibited good stability 346 

and reusability. 347 
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