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Abstract 22 

Capable of enhanced photoabsorption and redox sites separation, thin-shelled hollow 23 

photocatalysts can better match the transport distance of photogenerated carriers but still suffer 24 

from preparation difficulty because of the ease of structural collapse. Here, a solvent-free 25 

shape-selective templating method has been developed to fabricate the single/double-thin-shelled 26 

g-C3N4 vesicles. During the solid-solid preparation process, the shape-selectivity of MCM-41 sieves 27 

plays a crucial role in the free diffusion and concentration enrichment of melamine precursor, while 28 

inhibiting its polymerization inside the channels. The opened-up available outer surface determines 29 

the morphology of the vesicles. Uniform shell thickness from 17.5 to 42.1 nm can be precisely 30 

controlled. The kinetic constant of double-shelled g-C3N4 reaches 0.078 min-1, almost 16 folds of 31 

the bulk one during RhB degradation under visible light irradiation. Suppressed charge 32 

recombination and enhanced photoabsorption contribute to the improved photocatalytic 33 

performance. This newly developed method also shows universality for encapsulation of the 34 

secondary component including noble metal and metal oxides in g-C3N4. 35 

 36 

Keywords 37 

g-C3N4, vesicles, solvent-free, photocatalysis 38 

 39 

Introduction 40 

Considerable metal and metal-free photocatalysts have been devoted for efficient solar energy 41 

utilization, which is an attractive and sustainable solution to relieve the energy consumption and 42 

environmental issues[1-4]. Recently, graphitic carbon nitride (g-C3N4) has emerged as a metal-free 43 

visible-light responsive photocatalyst capable of water splitting[1, 5-9], CO2 photoreduction[10-12], 44 
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nitrogen fixation and pollutant decontamination[13, 14]. Thermal polymerization of various 45 

nitrogen-rich precursors[13-23] can fabricate g-C3N4 on a large scale, however, still encountered the 46 

limited SBET (< 10 m2/g) and high charge recombination rate. Nanostructural design and electronic 47 

structural modification are efficient means to improve photocatalytic performance. The former can 48 

not only provide more active sites, but also promote mass transfer and shorten transport length of 49 

the photogenerated carriers. The latter can enhance the photoabsorption as well as the charge 50 

separation. Hollow structural nanoparticle, taking the advantage of the shell selectivity, pH tolerate 51 

capacity and inner actives stability, is a promising structure with versatile applications[24-26]. In 52 

the case of photocatalysis, hollow structure prevails because of the shortened charge carrier lengths 53 

and light trapping effects inside the cavity[15, 27-30], in addition to a porous structure facilitating 54 

the mass transport and high surface area that provides more accessible active sites[31-33]. The 55 

thinner the wall is, the easier it is for the charge carriers to transport to the outer surface for efficient 56 

utilization.  57 

Hard-templating method is a widely used and efficient route for preparing hollow structures. 58 

Hollow g-C3N4 with tunable wall thickness was firstly prepared with the core/shell silica 59 

templates[27]. Subsequently, multi-shelled g-C3N4 hollow structure was prepared through exactly 60 

the same method except for the multi-shelled silica templates[15]. As the traditional 61 

hard-templating method relies on the reverse porous replication, the precursors should have low 62 

melting point or high solubility to facilitate the precursor pre-casting into the channels. The most 63 

used precursor for morphological control is cyanamide, which is efficient but expensive and 64 

virulent. Furthermore, the pre-casting process results in the complex operation which is 65 

time-consumption and energy-wasting. More importantly, the preparation of ultra-thin-walled 66 

structure is still difficult through the traditional hard-templating method because of the easy 67 
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collapse of the structure. Therefore, the development of facile, economic and reliable method for 68 

thin-walled photocatalysts preparation is highly desirable. 69 

The encapsulated structure can not only improve the stability of the inner layer via the chemical 70 

tolerance of the exterior[24], but also realize the cascade reaction in organic synthesis[34]. In the 71 

case of photocatalysis, precise regulation of the component distribution is of great significance in 72 

dividing the redox sites[35-37] and promoting charge carrier separation. The secondary components 73 

are usually metals, nonmetals and semiconductors. Modifying g-C3N4 with noble metal 74 

nanoparticles including platinum, gold and silver can efficiently enhance the photocatalysis through 75 

the surface plasmon resonance (SPR) effect. The resonance structure could not only induce the 76 

formation of the intensive electromagnetic to promote the charge separation, but also trap the 77 

resonant photons efficiently for higher photoabsorption. In addition, the noble metal nanoparticles 78 

could also act as the electron sinks, which trap the free electrons and thereafter promote the charge 79 

separation. 80 

In this work, a modified solvent-free templating method based on the shape selectivity of the 81 

MCM-41 sieves, using melamine as the available precursor, was developed to fabricate the 82 

thin-walled g-C3N4 vesicles. The proper pore size of MCM-41 allows melamine molecules 83 

selectively deposited and polymerized on the opened-up surface but not in the relatively narrow 84 

channels. On the premise of retaining the pore structure, single- and double-walled g-C3N4 vesicles 85 

were successfully prepared by adjusting the number of the opened-up surface. Through this method, 86 

the universal encapsulation of metal and metal oxides in vesicle structure is realized simultaneously. 87 

The photocatalytic activity of the as-prepared g-C3N4 were evaluated by the degradation of RhB and 88 

water splitting under visible light irradiation and exhibited an enhanced photocatalysis.  89 

 90 
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Results and discussion 91 

The solvent-free shape-selective templating strategy was developed to fabricate the thin-shelled 92 

g-C3N4 vesicles based on a solid-solid polymerization process and the shape selectivity of MCM-41 93 

sieves. Spherical MCM-41[38] with a 2.0 nm pore size distribution (Figure S1) and single 94 

opened-up surface were used as the sacrificial templates. Cheap and readily available melamine was 95 

used as the precursors.  96 

 97 

Figure S1. (a) N2 physical adsorption-desorption isotherms at 77 K and (b) the pore size distribution 98 

of MCM-41 calculated by BJH method.  99 

The synthetic process was illustrated in Figure 1a. Through directly calcining the manual 100 

grinding mixtures of melamine and MCM-41, followed by thermal polymerization and desilication, 101 

single-shelled g-C3N4 was prepared and coded as SSCN. Different from the traditional templating 102 

method, the thermal sublimation and migration properties of melamine are fully utilized to avoid 103 
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the pre-casting process. The solid-solid operation can simplify the operation process while realizing 104 

the morphological control. Figure S2 shows the identical MCM-41@g-C3N4 nanoparticle at 105 

different electron beam radiation time. With the prolongation of irradiation time, the internal 106 

structure gradually shrinks, and the voids appear in the particle and gradually increase to 74 nm. 107 

The yolk-shell structure not only evidences the initial g-C3N4@MCM-41 composite with a 108 

core-shell structure but also proves the excellent structural stability of g-C3N4. The morphology of 109 

SSCN were shown in Figure S2b-c. It can be seen that sample SSCN has a uniform vesicular 110 

structure with the wall thickness at ca. 30.0±4.5 nm. The uniform morphology indicates that the 111 

formation of bulk morphology by self-template polymerization of melamine is significantly 112 

inhibited. Before polymerizing into g-C3N4, melamine should undergo a migration to the pore 113 

channel or the outer surface, which is a necessary process to realize morphology control without the 114 

pre-casting operation. Furthermore, no obvious impurity particles were observed in the cavity, 115 

indicating that the polymerization of melamine in the MCM-41 channels was significantly inhibited, 116 

otherwise the sample would appear as a porous three-dimensional spherical structure. It is obvious 117 

that the spherical MCM-41 plays three roles in the formation of the single-shelled g-C3N4: (a) the 118 

silica avoids the self-templating polymerization of melamine to bulk morphology, (b) the external 119 

surface templates the formation of shell structure, (c) the channel of spherical MCM-41 avoids the 120 

polymerization to form the conventional ordered mesoporous materials. As the spherical MCM-41 121 

has a hydroxyl rich surface, the hydrogen bond interaction between the hydroxyl and the amino 122 

group of melamine plays a role in enriching the melamine molecules on the surface, enhancing the 123 

polymerization and avoiding the self-template to bulk g-C3N4. The surface of the spherical 124 

MCM-41 can be divided into two parts, including the channel surface and the external surface. As 125 

shown in Figure S2, the calculated dynamics diameter of melamine molecular is 0.66 nm, which is 126 
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slightly smaller than the pore size distribution of the spherical MCM-41. This indicates the 127 

vaporized melamine can freely migrate through the channel of the spherical MCM-41. However, the 128 

relatively narrow channel may only accommodate a few molecules, which may form the chain 129 

polymer, and hard to form the planar-stacking structure of g-C3N4. Moreover, it is quite difficult for 130 

the polymerization of such ultralow concentration of melamine in the channels. As a consequence, 131 

the polymerization of melamine was restricted within the confined channel surface, in contrast to 132 

the external surface of MCM-41 lack of pore restrictions. The key of this strategy lies in the 133 

relatively appropriate size of the template channel, the precursor and the product, which is well 134 

known as the shape selectivity that widely applied in the shape selective catalysis of zeolite[39]. 135 

These phenomena indicate that the polymerization of melamine selectively occurs on the opened-up 136 

outer surface of MCM-41. 137 
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 138 

Figure 1. (a) Schematic illustration of the shape-selective templating method for SSCN preparation. 139 

(b, c) TEM images of the SSCN. 140 

 141 

Figure S2. The TEM images of the identical MCM-41@g-C3N4 nanoparticle at different electron 142 



9 
 

beam radiation time. The radiation time is gradually extended from a to d. The scale bar is 200 nm. 143 

 144 

Other precursors including dicyanamide and urea were also attempted by this solvent-free 145 

method to study the universality, however, it did not exhibit the shape selectivity. A much higher 146 

degree of polymerization for the precursor itself is also important which leads to a higher yield of 147 

g-C3N4. For the dicyanamide and urea precursors with lower degree of polymerization, though the 148 

precursors deposit on the surface of the templates, the small molecules would be more active and 149 

spread more easily which are unfavorable for the further transition on the surface. Moreover, those 150 

precursors generally involves decomposition and repolymerization producing melamine as the 151 

intermediate. 152 

The structure and the phase of the as-prepared g-C3N4 were identified with X-ray diffraction 153 

(XRD) patterns and shown in Figure S3. Bulk g-C3N4 (BCN) for comparison was prepared under 154 

the identical condition without any templates. For the bulk g-C3N4, the typical diffraction peaks at 155 

about 27.50o and 13.04o are corresponding with the inter-layer structural stacking (200) and the 156 

in-planar repeated tri-s-triazine units (100). As a contrast, the single-shelled g-C3N4 exhibit a much 157 

weakened (200) diffraction peak, which indicates the decreased stacking layers and corresponds 158 

with the morphological evolution from bulk to the thin shells. Meanwhile, SSCN also exhibits an 159 

absence of the (100) diffraction peak, attributing to the minor fragmental g-C3N4 composition which 160 

greatly increases the structural chaos of the shells as evidenced by the SEM images. 161 
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 162 

Figure S3. Structure and phase identification of BCN and SSCN. (a) XRD patterns, (b) FT-IR 163 

spectra, (c) C1s and N1s high resolution XPS spectra, (d) N2 physical adsorption-desorption 164 

isotherms at 77K and the pore size distribution calculated by BJH method (shown inset). 165 

 166 

Fourier transform-infrared (FT-IR) spectra are shown in Figure S3b and prove the typical 167 

structure of g-C3N4. Series of strong bands at 1200-1600 cm-1 and a sharp band at 810 cm-1 were 168 

attributed to the stretching vibration and breathing mode of the heptazine heterocycle ring (C6N7) 169 

units of g-C3N4. The broad bands at 3000-3600 cm-1 are assigned to the N-H and O-H bands, 170 

indicating the existence of the uncondensed amino groups and the absorbed water molecular on the 171 

surface of the as-prepared g-C3N4. Elemental analysis indicates all the three samples composed of 172 

carbon and nitride with a C/N molar ratio at ca. 0.67, lower than the ideal g-C3N4 composition 173 

(C/N=0.75) because of the terminal uncondensed amino groups. X-ray photoelectric spectra (XPS) 174 

were conducted to further reveal the chemical composition (Figure S3c). Only three elements (C, N, 175 

O) were detected according to the survey XPS spectra. The O1s peak may be attributed to the 176 



11 
 

surface absorbed oxygen species[40], as confirmed by the FT-IR spectra. The two samples exhibit 177 

C1s and N1s signals with a surface C/N ratio at 0.76 and 0.81, close to the ideal g-C3N4 178 

composition. Furthermore, the absence of Si signal indicates that the silica templates were totally 179 

eliminated with the NH4HF2 solution. The high resolution XPS spectra were conducted to further 180 

investigate the chemical state of carbon and nitride elements. In the case of the C1s spectra, two 181 

distinguished peaks were presented. The smaller peak at 284.6 eV is attributed to the sp2 C-C bonds 182 

and usually used to normalize the XPS spectra. The other prominent peak at 287.9 eV is attributed 183 

to the N-C=N bonds in the heptazine heterocycle ring (C6N7) units. It is obvious that the latter 184 

carbon species is considered as the main carbon species in the g-C3N4. The N1s spectra were 185 

deconvoluted into four individual peaks at 398.4, 399.3, 401.0 and 404.0 eV, which are assigned to 186 

the C-N=C in the triazine ring, the tertiary nitrogen (N-(C)3), the terminal amino groups (-NH2) and 187 

π-excitations, respectively. The above results confirmed the essentially unchanged elemental state 188 

and content of g-C3N4 under different synthetic conditions. 189 

Nitrogen physical sorption at 77K were conducted to further characterize the textural properties 190 

of the as-prepared morphological g-C3N4 and shown in Figure S3d and Table S1. As shown in 191 

Figure S3d, BCN exhibits type II adsorption isotherm, with a low surface area at 12.8 m2/g, which 192 

is corresponding with the literature[41, 42]. As a comparison, the single-shelled g-C3N4 presents an 193 

improved surface area of 48.0 m2/g, as shown in Table S1. Meanwhile, the H3 hysteresis loop 194 

indicates that SSCN was composed of fragmental g-C3N4 nanosheets, but not a complete ink-bottle 195 

structure. Notably, the reason why the hollow structure evidenced by the SEM and TEM did not be 196 

reflected in the nitrogen physical sorption is attributed to the large pore size distribution (> 4 nm) of 197 

the shells, which results in the unclosed system of the as-prepared hollow structure. 198 

 199 
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Table S1. Textual properties and elemental composition of samples BCN, SSCN and DSCN. 200 

Sample C/N[a] 

Surface 

C/N[b] 

SBET
[c] 

(m2/g) 

Vpore
[d] 

(cm3/g) 

BCN 0.67 0.76 12.8 0.03 

SSCN 0.68 0.81 48.0 0.12 

DSCN 0.66 0.81 42.4 0.09 

a) Elemental analysis, b) XPS spectra, c) BET methods, d) p/p0=0.95. 201 

 202 

Figure S4. XRD patterns of g-C3N4/MCM-41 composites prepared under different temperatures. 203 

 204 

To figure out the thermal migration behavior of melamine during the solid phase synthesis, the 205 

products calcined with MCM-41 and without MCM-41 at different temperatures were compared. 206 

Figure S4 shows the wide-angle and small-angle XRD patterns of the products calcined at different 207 

temperatures, with the phase of the products shown in Table S2. As can be seen, with the increase of 208 

calcination temperature, melamine gradually polymerized into g-C3N4. When the temperature is 209 
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lower than 300 oC, melamine is stable and not polymerized. With the temperature rising to 350 oC, 210 

melamine polymerizes into the oligomers. As the temperature continues to rise to 400-500 oC, the 211 

oligomers further polymerize and form melem. When the temperature is above 500 oC, melem is 212 

further polymerized to form g-C3N4 (melon). As a contrast, the products shows a certain difference 213 

in the absence of MCM-41. Although melamine would not polymerize before 300 oC, when the 214 

temperature is higher than 350 oC, it will form melem directly without experiencing the formation 215 

of the oligomers,. This phenomenon suggests that MCM-41 can promote the polymerization of 216 

melamine. The promoting effect on melamine polymerization may be attributed to the enrichment 217 

of melamine caused by capillary condensation of MCM-41 pore system. On the other hand, the 218 

change of diffraction peak position of small-angle XRD can reflect whether polymer species 219 

migrate into the channel or not. As can be seen from Figure S4c, with the increase of 220 

polymerization temperature, the small angle diffraction peak increases first and then decreases, and 221 

reaches the maximum at 450 oC. According to the Bragg's Law (2dsinθ = nλ), the high angle shift of 222 

diffraction peak indicates that the pore channel becomes narrower, corresponding to the species 223 

migrating into the channel. Correspondingly, when the angle of diffraction peak is decreased, the 224 

channel becomes wider and species migrate out of the channel. Combined with wide-angle XRD 225 

analysis, the migration of carbon and nitrogen species in the polymerization process is illustrated in 226 

Figure S5. The contact between melamine and MCM-41 is weak in the mixtures obtained by 227 

manual grinding. With the increase of calcination temperature of the mixtures but lower than 350 oC, 228 

melamine migrates partially into the pore channel of MCM-41. When the temperature was 350-450 229 

oC, melamine further migrated into the channel and polymerized. At 450 oC, the channel of 230 

MCM-41 are maximally filled with carbon and nitrogen species. Further rising the temperature, 231 

carbon and nitrogen species migrate out of the channel and deposit on the opened-up surface. The 232 
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driving force of this migration to the outer surface may be attributed to the narrow pores that limit 233 

the occurrence of further polymerization inside the channel. 234 

 235 

 236 

Figure S5. The schematic illustration of the migration and polymerization of the carbon and 237 

nitrogen species in the presence of MCM-41. 238 

 239 

Table S2. The phase of the products obtained from melamine polymerization with MCM-41 or 240 

without MCM-41 at different temperatures. 241 

Temperature (oC) 

Phasea 

Without MCM-41 With MCM-41 

200 melamine melamine 

250 melamine melamine 

300 melamine melamine 

350 Phase Ib and IIc melem 

400 melem melem 
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450 melem melem 

500 g-C3N4 g-C3N4 

550 g-C3N4 g-C3N4 

a Analysed with XRD, b phase I: lower temperature oligomers, c phase II: higher temperature 242 

oligomers[18]. 243 

 244 

 245 

Figure S6. (a, c) Nitrogen physical adsorption-desorption isotherms and (b, d) the pore size 246 

distribution of the core/shell silica and series of MS-x silica. The pore size distribution is calculated 247 

by the BJH method. 248 

To further identify the role of the appropriate pore size, MCM-41 with larger and tunable channel 249 

were used as the templates (coded as MS-x). Figure S6 shows the nitrogen physical sorption 250 

isotherms and the pore size distribution of the templates, with the textural properties shown in Table 251 
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S3. As can be seen, samples MS-x have tunable pore size distribution, ranging from 3.8 to 6.3 nm, 252 

which is much larger than the previous spherical MCM-41. When templating by these larger porous 253 

MCM-41, the as-prepared g-C3N4 still remains a certain morphology but not bulk (shown in Figure 254 

S7), demonstrating that melamine still migrates into the channel of the templates before 255 

polymerization. Nevertheless, the larger channel leads to the formation of three-dimensional 256 

mesoporous structure, rather than hollow structure, which is mainly because of the disappearance of 257 

shape selectivity. In the case of the dense silica with similar particle size, the appearance of bulk 258 

morphology (shown in Figure S8) indicates that g-C3N4 did not polymerize around the template, 259 

which evidenced that the channel of MCM-41 could enrich the precursor to some extent. 260 

 261 

Table S3. Textural properties of the core/shell silica and series of MS-x silica. 262 

Sample SBET (m2/g) Vpore (cm3/g) Pore size (nm) 

Core/shell silica 443.2 0.33 2.9 

MS-1 1397.5 1.43 3.8 

MS-2 1032.3 1.68 5.5 

MS-3 923.0 1.34 6.3 

 263 
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 264 

Figure S7. TEM images of (a, c, e) MS-1, MS-2 and MS-3, and (b, d, f) the as-templated g-C3N4. 265 

 266 

 267 

Figure S8. TEM images of (a) dense silica nanoparticles, (b) the products obtained from calcination 268 

of the mixtures of dense silica and melamine. 269 

 270 
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 271 

Figure S9. Single-shelled g-C3N4 vesicles prepared with different mass ratio of melamine/MCM-41. 272 

The ratio is (a) 0.1, (d) 0.3, (e) 0.5, (g) 0.8. 273 

 274 

Hollow structure enables the separation of redox active sites on the internal and exterior surfaces, 275 

thereafter facilitating the charge separation[35]. The wall thickness of the hollow structure is the 276 

shortest distance of photogenerated carrier transport. Therefore, reducing the wall thickness of the 277 

hollow structure is beneficial to the migration of photogenerated carriers to the surface. Figure S9 278 

shows the TEM images of g-C3N4 vesicles with different wall thickness. By tuning the mass ratio of 279 

melamine to MCM-41 between 0.1 and 0.8, the thickness of vesicle structure can be continuously 280 

regulated from 42.1 to 17.5 nm. At the same time, because of the unique selective deposition 281 

process, the primary nanoparticles composed of the shell are in closer contact with each other, 282 

which endows the good structural stability even if its thickness is very thin. 283 

 284 
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 285 

Figure S10. (a) N2 physical adsorption-desorption isotherms at 77 K and (b) the pore size 286 

distribution of hollow MCM-41 calculated by BJH method. 287 

 288 

The proper pore size of MCM-41 allows melamine precursor selectively deposited and 289 

polymerized on the opened-up surface, therefore, the number of the opened-up surface consequently 290 

determines the number of the layers. As reported in the literature, hollow structural photocatalysts 291 

exhibit enhanced photoabsorption because of the multi-reflection effect inside the cavity. 292 

Multi-walled structure can further enhance the photoabsorption[15, 43]. For constructing the 293 

multi-walled structural g-C3N4, increase the number of the opened-up surface of MCM-41 maybe 294 

sufficient. For instance, the preparation of double-walled structure requires the hollow template 295 

with two opened-up surfaces for selective deposition. As a contrast, the same double-walled 296 

structure through the conventional method requires the utilization of a three-layer structure template 297 
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with two voids for nano-casting. However, the preparation of those three-layer structure templates is 298 

difficult. The hollow MCM-41 with a pore size distribution at 2.2 nm(Figure S10) could be facilely 299 

prepared by the surface-protected etching method[38], which still remains the shape selectivity for 300 

melamine, and the double-shelled g-C3N4 (DSCN) vesicles could be prepared using it as the 301 

template. 302 

 303 

 304 

Figure 2. (a) Schematic illustration of the preparation, (b, c) SEM, (d) TEM and (e-g) 305 

TEM-mapping images of DSCN. 306 

 307 
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Figure 2a shows the schematic illustration of the preparation of DSCN vesicles. Through 308 

one-step hydrothermal treatment of the previously used MCM-41, hollow MCM-41 was obtained. 309 

Manually grinding melamine and hollow MCM-41, followed by calcination and desilication, DSCN 310 

was prepared. Figure 2b-c show the SEM images of DSCN. DSCN exhibits a uniform spherical 311 

structure without bulk morphology, which confirms that the solvent-free templating strategy can 312 

efficiently realize morphology control. The TEM images of the broken DSCN in Figure 2c clearly 313 

exhibits the double-walled structure, which composed of primary fragmental nanoparticles. TEM 314 

image in Figure 2d further confirms the double-walled vesicle structure, with the interior and 315 

exterior wall thickness at ca. 30 nm. Figure 2e-g present the TEM-mapping images of DSCN. It 316 

clearly shows the uniform elemental distribution of carbon and nitride, corresponding with the 317 

heptazine heterocycle ring (C6N7) units of g-C3N4.  318 

The photocatalytic properties of the as-prepared g-C3N4 were evaluated through the degradation 319 

of RhB and H2 production under visible-light irradiation (λ > 420 nm). Before turning on the visible 320 

light irradiation, the suspension of the photocatalysts and the RhB solution was stirred in dark for 321 

30 min to reach the adsorption-desorption equilibrium. As shown in Figure 3a, all the three 322 

evaluation processes reach the adsorption-desorption equilibrium within 30 min and exhibit 323 

photocatalytic activity after visible-light irradiation. In the presence of the bulk g-C3N4, about 40% 324 

of the initial RhB was degraded within 120 min, corresponding with a low first-order kinetic 325 

constant at 0.005 min-1. Compared with BCN, SSCN present a photoactivity enhancement and can 326 

totally degrade the initial RhB within the same reaction time. The enhanced photoactivity is 327 

attributed not only to the enlarged surface area, but also to the suppressed charge recombination 328 

efficiency and the enhanced photoabsorption derived from the multiple reflection effect inside the 329 

shell. The suppressed charge recombination efficiency originated from the shortened charge carrier 330 
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migration length or thinner shell, which makes the photogenerated charge carrier more likely to 331 

transfer to the surface and be captured by the RhB substrates.  332 

 333 

 334 

Figure 3. (a) Photocatalytic degradation of RhB, (b) the first-order kinetic constant under visible 335 

light irradiation (λ > 420 nm) as a function of the reaction time. Reaction condition: 50 mg 336 

photocatalysts, 50 mL RhB solution (50 mg/L). (c) photocatalytic H2 production of BCN, SSCN 337 
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and DSCN under visible light irradiation (λ > 420 nm). 338 

Further increasing the number of the shell, DSCN presents a superior photoactivity improvement 339 

and can totally degrade the initial RhB within 40 min. Compared with the bulk g-C3N4 and the 340 

single-shell g-C3N4, the first-ordered kinetic constant improved almost 15.6 folds. As the surface 341 

area of SSCN and DSCN is similar with each other, the further improved photoactivity for DSCN 342 

predominantly attributed to the light trapping effect inside the multiple shells. Notably, as the pore 343 

size distribution of the shell is larger than the RhB molecular, the surface including the internal shell 344 

is always accessible and can be fully utilized for photocatalytic reaction.  345 

Photocatalytic H2 production was carried under 4 h continuous visible-light irradiation and shown 346 

in Figure 3c. With the duration of visible-light irradiation, the amount of the produced H2 347 

continuously increases, indicating the visible-light photocatalytic activity. Compared with BCN, 348 

SSCN and DSCN exhibit a much higher H2 evolution rate, consistent with that of RhB degradation 349 

reaction.  350 

 351 

Figure S11. Steady-state photofluorescence spectra of BCN, SSCN and DSCN. 352 

 353 

The steady-state photofluorescence (PL) spectra were performed to characterize the 354 

photogenerated charge carrier recombination efficiency. As shown in Figure 4d, compared with the 355 
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bulk g-C3N4, the morphological g-C3N4 performed a consecutively weakened PL intensity from 356 

SSCN to DSCN. The most weakened PL intensity for DSCN indicates the lowest charge 357 

recombination efficiency, which is favorable to the photocatalysis. 358 

Besides morphology control, the novel solvent-free templating strategy can also realize the 359 

encapsulation of the secondary component for nano-composite construction. The composite 360 

structure of MCM-41 and g-C3N4 is a core-shell structure and the channel of MCM-41 is not 361 

occupied in the composite structure. Therefore, if a certain amount of the secondary component is 362 

placed in the channels of MCM-41 in advance (as shown in Figure S12), the functionalized vesicles 363 

will be prepared.  364 

 365 

Figure 4. (a) Schematic illustration of the encapsulation for secondary component inside SSCN. (b) 366 

SEM, (c) particle size distribution, (d, e) TEM and (f) TEM-mapping images of Ag@SSCN 367 
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capsules. 368 

 369 

The silver encapsulated g-C3N4 vesicle composites (coded as Ag@SSCN) are prepared through 370 

the shape-selective templating method. Figure S12b-c shows the SEM image and the corresponding 371 

particle size distribution of Ag@SSCN. As can be seen, Ag@SSCN exhibits the uniform 637 nm 372 

spherical structure without bulk morphology, which further confirms that the solvent-free strategy is 373 

universal for facile morphology controlling. The vesicle structure was characterized through TEM 374 

(Figure S12d-e) and TEM-mapping (Figure S12f). As shown in Figure S12d-e, a similar vesicle 375 

structure to SSCN was exhibited and no obvious silver nanoparticles were observed, indicating its 376 

high dispersion. Furthermore, TEM-mapping images confirm the existence of carbon, nitride and 377 

silver. Carbon and nitrogen are more evenly dispersed on the wall, while silver is more likely to be 378 

dispersed inside the wall. 379 

 380 
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 381 

Figure S12. XPS spectra of Ag@SSCN: (a) C1s and N1s, (b) O1s and Ag3d. 382 

 383 

Figure S12 presents the XPS spectra of Ag@SSCN. It can be seen from Figure S12a that the C1s 384 

and N1s XPS spectrum is corresponding with g-C3N4 as analyzed preciously. O1s peak (Figure 385 

S12b) can be divided into two peaks at 532.6 and 531.6 eV, which belong to lattice oxygen and 386 

adsorbed oxygen species, respectively. The Ag3d5/2 XPS spectra can be divided into two peaks at 387 

368.3 and 367.7 eV, which assigned to Ag0 and Ag+, respectively. The fitting results showed that the 388 

contents of Ag0 and Ag+ were 59.2% and 40.8%, respectively. The results show that the structure of 389 

Ag@SSCN retains the classical structure of g-C3N4 and the encapsulation of Ag is realized 390 

successfully.  391 



27 
 

 392 

Figure S13. TEM images of (a) 0.3Ag@SSCN, (b) 1Ag@SSCN, (c) 3Ag@SSCN, (d) 6Ag@SSCN, 393 

(e, f) 10Ag@SSCN, (g, h) 15Ag@SSCN. The scale bar is 500 nm. The number in the sample code 394 

represents the mass ratio of silver in the template. 395 

 396 

The content of the second metal component in the encapsulation of vesicles can be controlled 397 

through changing the impregnation amount of silver in the template. Figure S13 shows the TEM 398 

images of the encapsulated vesicles with different amounts of silver. It can be seen that when the 399 

content of silver in the template is lower than 6 wt%, the morphology of Ag@SSCN does not 400 
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change obviously, and it is still a thin single-shelled vesicle structure. At the same time, the 401 

presence of silver nanoparticles was not observed in TEM, indicating that silver is highly dispersed. 402 

When the content of silver in the template was higher than 10 wt%, the morphology of Ag@SSCN 403 

changed significantly, from regular vesicle structure to wrinkled vesicle structure. The wrinkled 404 

vesicle structure may provide more active sites for the reaction. 405 

In addition to encapsulating noble metals, transition metal oxides can also be encapsulated 406 

through the identical strategy. The XPS spectra (Figure S14) of g-C3N4 vesicles encapsulated with 407 

transition metal oxides (Fe2O3, Co2O3, NiO and CuO) confirmed the existence of the corresponding 408 

metal oxides. From Figure S15, the encapsulated samples retain the intact nanocapsule structure of 409 

thin single-shell g-C3N4, which indicates that the introduction of metal oxides does not obviously 410 

affect the melamine polymerization to form g-C3N4 vesicles. At the same time, no obvious metal 411 

oxides were observed, indicating that the polymerization of metal oxides encapsulated by g-C3N4 412 

vesicles was highly dispersed. 413 

 414 
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 415 

Figure S14. XPS spectra of (a) 3Fe@SSCN, (b) 3Co@SSCN, (c) 3Ni@SSCN and (d) 3Fe@SSCN. 416 

 417 

 418 

Figure S15. TEM images of (a) 3Fe@SSCN, (b) 3Co@SSCN, (c) 3Ni@SSCN and (d) 3Fe@SSCN. 419 

The scale bar is 500 nm. 420 

 421 

 422 
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Conclusions 423 

In summary, we have developed a solvent-free shape-selective templating strategy to fabricate 424 

the pristine and functional g-C3N4 vesicles using melamine as precursor. The slightly larger channel 425 

(ca. 2.0 nm) than the dynamics diameter of melamine molecular (0.66 nm) allows its mass diffusion 426 

but prevents the polymerization inside the channel, and therefore enables the selective surface 427 

deposition and polymerization of melamine on the opened-up outer surface. The as-prepared single- 428 

and double-shelled g-C3N4 were composed of fragmental g-C3N4 nanosheets, which result in the 429 

enlarged surface area, shortened charge migration length and suppressed charge recombination 430 

efficiency. During the photocatalytic degradation of RhB and H2 production reaction, 431 

double-shelled g-C3N4 exhibited almost 15.6 and 5.6 folds improvement when compared with the 432 

bulk one. The newly developed strategy provides a versatile and green method to solvent-free 433 

prepare various morphological and encapsulated g-C3N4 vesicles. Importantly, shape-selective 434 

preparation was applied in morphological evolution of g-C3N4 for the first time. 435 

 436 

Methods 437 

Reagents. 438 

Melamine, Cetyltrimethyl ammonium bromide (CTAB), tetraethyl orthosilicate (TEOS) and 439 

NH3·H2O (27 wt.%) were analysis grade and were used as obtained. Distilled water was used all the 440 

time. 441 

Preparation of the MCM-41 and hollow MCM-41 nanoparticles. 442 

The preparation of the spherical and hollow MCM-41 were followed according to the 443 

literature[38]. The stöber method was used to prepare the spherical MCM-41. The surface-protected 444 

etching method was used to prepare the hollow MCM-41. In a typical experiment, 1.0 g spherical 445 



31 
 

MCM-41 without calcination was suspended in 160 mL distilled water at 70 oC. The suspension 446 

was stirred gently for 12 h to generate the hollow structure. The mechanism of the surface-protected 447 

etching method can be found in the literature[38]. Spherical and hollow MCM-41 were calcinated at 448 

550 oC for 6 h to eliminate CTAB for the latter preparation of morphological g-C3N4. 449 

Preparation of single and double-shelled g-C3N4. 450 

The shape-selective templating strategy was applied to fabricate the single- and double-shelled 451 

g-C3N4 vesicles based on the shape selectivity of the MCM-41 templates for melamine precursor. 452 

Though direct calcination the manually grinded mixtures of melamine and the silica templates, the 453 

morphological g-C3N4 were prepared. In a typical experiment for the preparation of the 454 

single-shelled g-C3N4, 1.0 g melamine and a certain amount of the spherical MCM-41 nanoparticles 455 

were grinded to uniform, followed by thermal polymerization at 550 oC for 3 h at a heating rate of 456 

10 oC/min. After cooling down, the as-obtained yellow composites were treated with 4 M NH4HF2 457 

aqueous solution to eliminate the silica templates. The solid was washed with water several times 458 

and dried in 100 oC overnight. In the case of the double-shelled g-C3N4 preparation, identical 459 

process was conducted but with the hollow MCM-41 as the sacrificial templates. The as-obtained 460 

single- and double-shelled g-C3N4 were labelled with SSCN and DSCN. 461 

Photocatalytic evaluation. 462 

The visible light photocatalytic activity of the as-prepared samples were evaluated with 463 

photodegradation of RhB. Visible light comes from a 500 W Xe lamp with an optical cut-off filter 464 

(λ > 420 nm). In a typical experiment, 50 mg of the g-C3N4 were mixed with 50 mL RhB solution 465 

(50 mg/L) and ultrasonicated for 60 s. Before visible light irradiation, the suspension was stirred at 466 

35 oC in dark for 30 min to reach the adsorption-desorption equilibrium. After turning on the visible 467 

light, the suspension was sampled with 5 min intervals and centrifuged to measure the concentration 468 
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of RhB with ultraviolet spectrophotometer.  469 

Characterization. 470 

TEM images were taken on a Tecnai G2 20 S-twin instrument (FEI Company). The nitrogen 471 

sorption isotherms were measured with a Quantachrome autosorb-iQ2 gas adsorption analyzer at 77 472 

K. XRD patterns were recorded on a Smart Lab 9 X-ray diffractometer (Rigaku Corporation). 473 

FT-IR spectra were measured an EQUINOX55 FT-IR spectrometer. XPS spectra were recorded on 474 

a Thermo VG ESCALAB250 instrument. Steady-state PL spectra were acquired on a JASCO 475 

FP-6200 spectrofluorometer with the excitation wavelength at 310 nm.  476 
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Figure S4. XRD patterns of g-C3N4/MCM-41 composites prepared under different temperatures. 491 
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Figure S5. The schematic illustration of the migration and polymerization of the carbon and 492 
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Figure S6. (a, c) Nitrogen physical adsorption-desorption isotherms and (b, d) the pore size 494 

distribution of the core/shell silica and series of MS-x silica. The pore size distribution is calculated 495 

by the BJH method. 496 
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Figure S9. Single-shelled g-C3N4 vesicles prepared with different mass ratio of melamine/MCM-41. 499 

The ratio is (a) 0.1, (d) 0.3, (e) 0.5, (g) 0.8. 500 
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distribution of hollow MCM-41 calculated by BJH method. 502 

Figure S11. Steady-state photofluorescence spectra of BCN, SSCN and DSCN. 503 

Figure S12. XPS spectra of Ag@SSCN: (a) C1s and N1s, (b) O1s and Ag3d. 504 

Figure S13. TEM images of (a) 0.3Ag@SSCN, (b) 1Ag@SSCN, (c) 3Ag@SSCN, (d) 6Ag@SSCN, 505 

(e, f) 10Ag@SSCN, (g, h) 15Ag@SSCN. The scale bar is 500 nm. 506 

Figure S14. XPS spectra of (a) 3Fe@SSCN, (b) 3Co@SSCN, (c) 3Ni@SSCN and (d) 3Fe@SSCN. 507 

Figure S15. TEM images of (a) 3Fe@SSCN, (b) 3Co@SSCN, (c) 3Ni@SSCN and (d) 3Fe@SSCN. 508 

The scale bar is 500 nm. 509 
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