
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
N-doped porous carbon-stabilized Pt in hollow
nano-TiO2 with enhanced photocatalytic activity
Nan Chen, Qingna Gong, Fei Wang, Jun Ren, Ruixin Wang*, Weizhou Jiao**

Shanxi Province Key Laboratory of Higee-Oriented Chemical Engineering, School of Chemical Engineering and

Technology, North University of China, Taiyuan, Shanxi, 030051, China
h i g h l i g h t s
* Corresponding author.
** Corresponding author.

E-mail addresses: zbdxwrx@nuc.edu.cn (
https://doi.org/10.1016/j.ijhydene.2020.06.275
0360-3199/© 2020 Hydrogen Energy Publicati

Please cite this article as: Chen N et al., N-do
International Journal of Hydrogen Energy, h
g r a p h i c a l a b s t r a c t
� Air-etching is proposed to control

mesoporous structure of the hol-

low composite.

� Size and dispersion of Pt nano-

clusters was controlled by N-

doped mesoporous carbon.

� N-doped mesoporous carbon

enhanced the photocatalytic ac-

tivity and durability.

� Polymer anchoring and photo-

chemical solid-phase reduction

method were combined.
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a b s t r a c t

In this study, Pt nanoclusters with small sizes (~1.8 nm) is designed and loaded onto the

inner surface of hollow nano-TiO2 through combining polymer anchoring and photo-

chemical solid-phase reduction strategy. The N-doped mesoporous carbon derived from

the polymer is beneficial for the exposure of Pt sites and stabilization of Pt nanoclusters

(~1.8 nm), and supplying more active N-sites. More importantly, the pore structure of the

N-doped mesoporous carbon layer prepared by air-etching method contributes to the

diffusion of reactants/products and exposure of more active Pt sites to promote surface

reactions. The as-prepared C/Pt@TiO2-3% with 0.54 wt% of Pt shows the largest total pore

volume (0.46 cm3 g�1) with an average pore size of ~3 nm, and its catalytic activity is greatly

improved with a H2 evolution rate of 9086 mmol h�1 g�1, which is about 48 and 96 times that

of bare hollow nano-TiO2 and P25, respectively. In addition, the as-prepared C/Pt@TiO2-3%

shows good durability in a 40-h cyclic test.
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Introduction

Hydrogen (H2) is an appealing clean and renewable energy

source as its oxidation product is environmentally benign

water vapor [1,2]. The conversion of solar energy, which is

inexhaustible and pollution-free, into H2 by photocatalytic

water splitting is considered one of the most promising ap-

proaches to obtain clean and renewable energy [3]. Thus,

photocatalytic H2 production from water has been studied

extensively since the discovery of H2 evolution over a TiO2

electrode in 1972 [4]. However, no semiconductor photo-

catalysts (PCs) have been commercialized yet due to their low

apparent quantum yield (AQY). Charge separation and surface

reaction play crucial roles in photocatalytic water splitting

[5,6], which can be facilitated by the regulation of micromor-

phology and modification with co-catalysts [7,8].

Three-dimensional hollow nanostructured PCs have many

advantages over linear [9,10] and planar ones [11], such as a

larger specific surface andmore active sites, which can further

enhance the charge transfer, separation efficiency, light uti-

lization, and surface reaction [12e19]. Nevertheless, the cat-

alytic activity of pure hollow nanostructured PCs is still too

low for practical applications, and there is therefore a need to

improve the performance of these PCs. Noble metals as

excellent co-catalysts can effectively reduce the recombina-

tion of photoexcited carriers [20]. Platinum (Pt) is a precious

metal commonly used for surface modification of PCs [21,22],

and Pt-modified PCs show high catalytic activity due to the

active surface for adsorption and reaction of water molecules

and the combination of a Schottky junction with interfacial

charge polarization for effective electron trapping [23]. How-

ever, it is also important to note that the high cost and low

reserve of Pt make it impractical for large-scale commercial

applications [24]. A possible approach to increase the utiliza-

tion of Pt is to improve its dispersion. Unfortunately, chal-

lenges remain for traditional methods such as impregnation

[7,25,26], chemical reduction [27] and photo-deposition [28] to

balance high dispersion, structural stability, catalytic activity,

and low loading of Pt. Thus, newmethods are urgently needed

to make precious metals to be highly dispersed without ag-

gregation andfirmly loaded on the inner surface of hollowPCs.

In this study, a facile method is proposed combining

polymer anchoringwith photochemical solid-phase reduction

to improve the dispersion and stability of metal cocatalysts on

hollow nanostructured TiO2, and the composites with Pt

supported on the inner surface of the hollow TiO2 shell were

prepared for photocatalytic H2 evolution. Anchoring is often

used to enhance the dispersion of metals on a substrate

[24,29e31]. Here, a new anchoring method is proposed to load

Pt on the TiO2 shell by coordination and electrostatic inter-

action between nitrogenous polymer and precursor PtCl6
2�. In

photochemical solid-phase reduction, the solid phase often

serves as the reaction phase to avoid the migration and

agglomeration of metals [32]. Present experiments have

demonstrated that Pt nanoclusters with a diameter of ~1.8 nm

could be evenly distributed on the inner surface of hollow

nanostructured TiO2 using the combination method. The H2

production rate of the as-prepared PCs was as high as

9086 mmol h�1 g�1, which was about 48 and 96 times that of
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bare hollow TiO2 and P25 (Macklin Inc.), respectively. The

photocatalytic activity of hollow TiO2 nanospheres was

enhanced significantly owing to the greater exposure of re-

action sites for H2 evolution resulting from the high dispersion

of Pt nanoclusters. As the stability of the carbon framework

that was partially reserved by air-etching during calcination,

no apparent aggregation occurred for Pt nanoclusters in the

as-prepared PCs throughout the photocatalytic experiment

and thus good durability was achieved.
Experimental

Preparation of PCs

The synthesis process of C/Pt@TiO2-3% is illustrated in Fig. 1.

First, amine-modified silica mono-dispersed nanospheres

(NH2eSiO2) were prepared by a modified St€ober method (see

Section 1 of the Electronic Supplementary Information (ESI)

for details) [33]. Then, NH2eSiO2 was covered with chitosan

(CS) to obtain SiO2@CS, followed by adsorption and solid

photo-reduction of PtCl6
2�. Typically, 0.2 g of NH2eSiO2 was

dispersed in 50 ml of ethanol by ultrasonication to form the

solution A; and 0.15 g of CS was dissolved in 50 ml of 2 vol%

acetic acid solution to form the solution B. Then, the two so-

lutions were mixed, and 4 ml of 5 vol% glutaraldehyde

aqueous solution was added. The mixture was stirred for

30 min at room temperature and then stirred vigorously for

another 3 h at 65 �C. The silica nanospheres covered with CS

(SiO2@CS) were separated by centrifugation and washed

several times with deionized water. The obtained products

were uniformly re-dispersed in 50 ml of deionized water, and

variable volumes of H2PtCl6 (0.0386 M) were added. The

mixture was stirred gently overnight, and the obtained orange

solid was centrifuged, washed at least 3 times with deionized

water to remove un-adsorbed PtCl6
2� ions, and then dried in

an oven at 60 �C for 6 h. Then, it was irradiated under UV light

(300 W Xe lamp) for 10 h at a distance of 10 cm from the lamp.

The orange solid was denoted as SiO2@CS/Pt.

After that, TiO2 was coated on the surface of SiO2@CS/Pt by

a kinetics-controlled coatingmethod reported in the literature

[34]. Typically, 0.1 g of SiO2@CS/Pt was dispersed in 95 ml of

ethanol by ultrasonication, and 0.42 ml of ammonium hy-

droxide (25e28%) was added to form a uniformmixture. Then,

5 ml of ethanol containing 1.0 g of tetrabutyl titanate (TBT)

was injected at a rate of 0.5 ml min�1 under mechanical

agitation (500 rpm). The mixture was stirred continuously for

6 h, and the solid was isolated by centrifugation, washed

several times with ethanol, dried in an oven at 60 �C for 4 h,

and calcinated in a tube furnace equipped with a quartz tube

(the inner diameter is 44 mm and the length is 610 mm) at

500 �C for 2 h in amixture of air and nitrogen. The heating rate

was kept at 5 �C min�1. Finally, the template was completely

etched with 5 ml of 5 vol% HF aqueous solution for 1 min to

obtain hollow C/Ptx@TiO2-y% nanospheres with Pt nano-

clusters deposited onto the inner surface of the TiO2 shell,

where x represented the Pt content (wt%) detected by induc-

tively coupled plasma mass spectrometry (ICP-MS) and y%

represented the ratio of air to gas mixture. The color of these

nanospheres changed fromblack to gray and then to light gray
zed Pt in hollow nano-TiO2 with enhanced photocatalytic activity,
ydene.2020.06.275
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Fig. 1 e Schematic of the preparation process of C/Pt@TiO2-3%.
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as the y value increased from 0 to 100% (Fig. S1). The effects of

Pt content and air ratio during calcination on the photo-

catalytic H2 production activity of the as-prepared C/Ptx@TiO2-

y% nanospheres were investigated. Given the high photo-

catalytic H2 production activity of C/Pt0.54@TiO2-y% with

0.54 wt% of Pt, we focused on C/Pt0.54@TiO2-y% in this study,

which was denoted as “C/Pt@TiO2-y%” for simplicity.

The C@TiO2 composite was prepared by same procedures

without addition of Pt sources to investigate the advantages

for the advancement in photocatalytic activity. Furthermore,

to prove the importance of N doping in carbon, the R/Ptx@-

TiO2-3% and R@TiO2 without N was prepared as well by

replacing the CS polymer that coated surface of silica template

with resorcinol-formaldehyde (RF) resin (for more preparation

details see Section 2 in ESI).

Besides, to verify the superiority of the as-prepared C/

Ptx@TiO2-y% composite, Pt/TiO2 with Pt nanoparticles depos-

ited onto the inner shell surface of hollow TiO2 microspheres

was also prepared using the traditional impregnation method

(see Section 3 of the ESI for details) [35]. Bare hollow TiO2

nanospheres (Bare TiO2) were also synthesized by the same

procedure without metallic sources for comparison.

Characterizations

The morphologies of C/Pt@TiO2-y% were determined by

scanning electron microscopy (SEM; SU1080, 5 kV, Hitachi,

Japan) and transmission electron microscopy (TEM; JEM-

2010 200 kV, JEOL, Japan). High-angle annular dark-field

scanning transmission electron microscopy (HAADF-STEM)

and Energy-dispersive X-ray spectroscopy (EDS) were per-

formed using a scanning/transmission electron microscope

(S/TEM, Talos F200X, FEI, American). Simultaneous thermog-

ravimetry e differential scanning calorimetry analysis (TG-

DSC)was conducted onNetzch STA 449 F3 analyzer (Germany)

in air atmosphere. The crystal structure was characterized by

X-ray powder diffraction (XRD, DX-2700, China) with Cu Ka

radiation. The surface elemental compositions and chemical

states of PCs were characterized using Thermo Fisher
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Scientific ESCALAB Xi þ X-ray Photoelectron Spectrometer

(XPS; American) with Al Ka radiation. Nitrogen adsorption-

desorption isotherms were obtained using a QUADRASORB

SI Automated Surface Area and Pore Size Analyzer (American)

at 77 K, and samples were degassed at 200 �C for 10 h before

measurements. The specific surface and pore size distribution

were calculated usingmulti-point BET and Density Functional

Theory (DFT), respectively. The Pt amounts of samples were

detected by ICP-MS on an Agilent 7800 instrument (American).

The UVeVis diffuse reflectance spectra (UVeVis DRS) were

recorded on a UV-2802 instrument (UNICO, China). Photo-

luminescence (PL) spectra were measured on the F-2500

fluorescence spectrophotometer (Hitachi, Japan). The surface

photovoltage (SPV) was determined on a CEL-SPS1000 system

(Au-Light Co., Ltd. China).

Electrochemical measurements were performed by a

standard three-electrode system (a Pt foil as the counter

electrode and a saturated Ag/AgCl as the reference electrode)

on CHI760E workstation. The sample was coated on an

indium-tin oxide (ITO) glass to obtain the working electrode.

Typically, 10mg of samples and 10 ml of Nafionwere dispersed

into 0.5 ml of ethanol by ultrasonication to form a slurry. 50 ml

of the slurry was dropped uniformly onto an ITO glass (4 cm2).

After ethanol evaporated completely, the ITO glasses were

dried at 60 �C for 1 h. 0.5 M Na2SO4 aqueous solution was

applied as the electrolyte. The electrode potential vs. revers-

ible hydrogen electrode (RHE) is converted via the equation

ERHE ¼ EAg/AgCl þ 0.197 þ 0.059 pH. The Mott-Schottky plots

were carried out at 1 kHz in dark.

Photocatalytic activity test

The photocatalytic H2 evolution activities were determined on

a CEL-SPH2N photocatalytic activity evaluation system (Au-

Light Co., Ltd. China) with a UV light source (l ¼ 300e420 nm,

CEL-HXF300 Xe lamp, 300 W). Briefly, 0.035 g of sample was

dispersed in 100 ml of 20 vol% methanol aqueous solution.

Before testing, the systemwas evacuated for 30min to remove

any air. During the reaction, the reactant solution was
zed Pt in hollow nano-TiO2with enhanced photocatalytic activity,
ydene.2020.06.275
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maintained at 6 �C under magnetic stirring. The generated H2

was detected by gas chromatography (GC-7920) equippedwith

a thermal conductivity detector (TCD) using N2 as the carrier.

Additionally, the light intensity of Xe lamp is tested on CEL-NP

2000 optical power meter (Au-Light Co., Ltd. China), which is

equal to 7.03 � 102 W m�2. Efficient light-receiving area of the

reactor is 1.96 � 10�3 m2. The AQY of C/Pt@TiO2-3% is calcu-

lated from formula (1):

AQY%¼ 2�NH2

Np
� 100 (1)

where NH2 is the number of generated H2 molecules and Np is

the number of incident photons.
Results and discussion

Structure and morphology

Fig. 2 shows the SEM images of the precursors obtained at

different steps. The NH2eSiO2 template was presented in

uniform nanospheres with a diameter of around 220 nm

(Fig. 2(a)). No obvious changes are observed in themorphology

and particle size of the nanospheres covered with CS and

loaded with Pt nanoclusters, as shown in Fig. 2(b), indicating

that a uniform thin CS layer is formed on the SiO2 surface.

This is verified in Fig. S2 and explained in detail in the ESI. As
Fig. 2 e SEM images of (a) NH2eSiO2, (b) SiO2@CS/Pt, (c) SiO2@CS

nanostructured C/Pt@TiO2-3%.
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shown in Fig. 2(c), an amorphous TiO2 film is coated uniformly

on the surface of SiO2@CS/Pt. The hydrolysis rate of tetrabutyl

titanate (TBT) that play a key role in controlling coating uni-

formity and thickness can be controlled by the precise addi-

tion of ammonium hydroxide [34]. Fig. 2(d) shows the SEM

image of C/Pt@TiO2-3%, which possesses a hollow nano-

structure due to the complete removal of SiO2 template.

The hollow nanostructure of C/Pt@TiO2-3% can be further

verified by TEM (Fig. 3(a) and (c)) and HAADF-STEM (Fig. S3).

The high-magnification TEM image in Fig. 3(d) reveals that Pt

nanoclusters (black spots) are evenly distributed on the sur-

face, which is consistent with the HAADF-STEM result (Fig. S3,

bright spots). The particle size distribution of Pt nanoclusters

was analyzed based on Fig. 3(d) using Image-J software. The

results (Fig. 3(e)) indicate that the mean diameter of these Pt

nanoclusters is ~1.8 nm. As SiO2@CS is dispersed in the acid

H2PtCl6 solution, the amino group on the surface of SiO2@CS is

protonated and positively charged. As a consequence, the

negatively charged PtCl6
2� ions can be strongly adsorbed due

to electrostatic interaction [24,36] and coordination between

amino group and metals [37], which provides another way for

anchoring Pt. For the in-situ photoreduction of PtCl6
2�

adsorbed on SiO2@CS to Pt0 under UV irradiation, the solid

serves as the reaction phase, which can effectively avoid the

migration of metal ions and aggregation of metal nano-

particles [32]. When SiO2@CS/Pt is coated with TiO2 and

calcined, the coated CS is converted to N-doped carbon and Pt
/Pt coated with amorphous TiO2, and (d) hollow

zed Pt in hollow nano-TiO2 with enhanced photocatalytic activity,
ydene.2020.06.275

https://doi.org/10.1016/j.ijhydene.2020.06.275


Fig. 3 e (a, c, d) TEM images with different enlargement factor and (b) HRTEM images of C/Pt@TiO2-3%, (e) The particle size

distribution of Pt nanoclusters in C/Pt@TiO2-3%
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is embedded in-situ, and thus it can be stably and highly

dispersed on the inner shell surface of the hollow TiO2 even if

the SiO2 core is completely etched away. In addition, the SEM

and TEM images show that the shell thickness of C/Pt@TiO2-

3% is ~20e30 nm (Fig. S4). High-resolution TEM (HRTEM) was

performed to identify the lattice fringes associated with TiO2

and Pt in the hollow C/Pt@TiO2-3%. As shown clearly in

Fig. 3(b), the interplanar spacings are calculated to be 0.35 nm

and 0.223 nm from the HRTEM image, which are assigned to

the (101) facet of anatase TiO2 [38] and the (111) facet of Pt

[5,39], respectively. These results demonstrate again that the

as-prepared C/Pt@TiO2-3% has a hollow anatase TiO2 nano-

structure with evenly dispersed Pt nanoclusters.

It is also seen from the HAADF-STEM image (Fig. 4(a)) that

tiny Pt nanoclusters (bright spots) are distributed uniformly.

The EDS elemental mapping based on a completely structured

hollow sphere of C/Pt@TiO2-3% (Fig. 4(bef)) indicates that Ti,

O, Pt, C, and N elements are present and evenly distributed in

C/Pt@TiO2-3%. Fig. 4(d) shows the circle-dispersion of Pt

nanoclusters. The C (Fig. 4(e)) and N (Fig. 4(f)) circles further

indicate the presence of the N-doped carbon layer in C/

Pt@TiO2-3% after calcination, which is beneficial for the

dispersion and fixation of Pt and thus may results in higher

stability during the photocatalytic reaction. The TG-DSC

curves (Fig. S5) also demonstrate that part of the carbon

layer (approximately 1 wt%) remains in C/Pt@TiO2-3% after

calcination in 3% air/N2 gas mixture.

XRD is a useful technique to determine the crystal struc-

ture of a material. The XRD patterns of the as-prepared
Please cite this article as: Chen N et al., N-doped porous carbon-stabili
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composites are shown in Fig. 5(a) and Fig. S6. The diffraction

peaks are in good agreement with those of anatase TiO2

(JCPDS NO. 21-1272), which indicates that the crystal phase of

TiO2 is anatase [40e42]. The average size of nanocrystals

calculated by Scherrer equation based on the full width at

half-maximumof the peak at 2q¼ 25.4� (which can be indexed

to the (101) crystal plane of anatase, see Fig. 5(a)) is ~13 nm,

which is in good agreement with the TEM image (Fig. S7).

However, the diffraction peak of Pt is not observed, suggesting

a low content but a high dispersion of Pt. XPS and high-

resolution XPS were performed to determine the surface

elemental compositions and chemical states of C/Pt@TiO2-3%.

C (18.03 atom%), N (0.82 atom%), O (61.76 atom%), Ti (19.32

atom%), and Pt (0.07 atom%) elements are detected on the

surface (Fig. 5(b)), and the burr-like peak of Pt4f (Fig. 5(c)) in-

dicates a low Pt content, which is consistent with the XRD and

EDS results. The high-resolution XPS spectrum of Ti2p is

shown in Fig. 5(d), which is a typical Ti2p peak of TiO2 with a

narrowpeak of Ti2p3/2 at 458.8 eV and a broader peak of Ti2p1/2

at 464.6 eV. The high-resolution C1s (Fig. 5(e)) andN1s (Fig. 5(f))

spectra are also fitted. sp2 C, sp3 C, and N-containing species

such as pyridinic N (398.5 eV), pyrrolic N (399.7 eV), and qua-

ternary (graphitic) N (401.3 eV) are detected in C/Pt@TiO2-3%,

further demonstrating that the coated CS has been trans-

formed into N-doped carbon after calcination. N-containing

species are beneficial to stabilize Pt nanoclusters [43] and

reduce their aggregation during calcination, resulting in

exposure of more Pt sites. Further, N doping in carbon layer

regulate the free energy of hydrogen absorption and
zed Pt in hollow nano-TiO2with enhanced photocatalytic activity,
ydene.2020.06.275

https://doi.org/10.1016/j.ijhydene.2020.06.275


Fig. 4 e (a) HAADF-STEM image of a completely structured hollow sphere. (bef) EDS elemental mapping based on the sphere.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
desorption at the active site, thus promoting water reduction

[44,45]. Notably, the high-resolution O1s spectrum displays

two peaks. The peak at ~529.8 eV can be divided into three

peaks at 529.8 eV, 530.8 eV and 532.0 eV, which correspond to

the lattice oxygen of TiO2, surface hydroxyl, and adsorbed H2O

[46,47], respectively; while the peak at ~533.0 eV, which is

associated with the O1s of carbon, can also be divided into

three peaks at 533.2 eV, 532.7 eV and 534.0 eV, which are

attributed to CeO, C¼O, and O¼CeO, respectively.

N2 adsorption-desorption test was also performed to

analyze the porosity and specific surface of C/Pt@TiO2-3%. As

shown in Fig. 5(h), C/Pt@TiO2-3% exhibits a typical IV-type

adsorption-desorption isotherm featured by a H2-type hys-

teresis loop at higher relative pressures, which is the charac-

teristic of mesoporous materials [48]. The H2-type hysteresis

loop reveals the presence ofmore complex pores in the porous

structure of C/Pt@TiO2-3%, which can be attributed to the

dehydration of amorphous TiO2, crystallization, and densifi-

cation of the structure and accumulation of nanocrystals

during calcination [5,34]. The residual N-doped carbon skel-

eton during calcination also contributes to the porosity. As

expected, C/Pt@TiO2-3% possesses high specific surface area

(61.3 m2 g�1) and pore volume (0.46 cm3 g�1) (Table 1), which

can not only facilitate the diffusion and transport of reactants

and products/molecules, but can also exposemore active sites

to promote surface reactions [48e50].

Photocatalytic H2 evolution from water splitting

The photocatalytic H2 evolution performance was evaluated

with methanol as sacrificial agent under UV irradiation. The

results are shown in Fig. 6, and the data are linearly fitted to

calculate the average activity, as shown in Fig. 6(b). The H2
Please cite this article as: Chen N et al., N-doped porous carbon-stabili
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production rate of C/Pt@TiO2-3% is as high as

9086 mmol h�1 g�1, which is about 48 and 96 times that of bare

TiO2 and P25, respectively. This is because Pt on the surface of

the semiconductor can capture photogenerated electrons and

provide proton reduction sites [51,52]. Besides, AQY of C/

Pt@TiO2-3% is calculated under the wide-band incident light

(UV light, l ¼ 300e420 nm)) as 4.7%.

It is also noted that the photocatalytic activity of bare TiO2

is higher than that of P25, which can be ascribed to the high

specific surface, high light utilization and low electron-hole

recombination rate of hollow-nanostructure engineering [8].

The high photocatalytic H2 evolution activity of C/Pt@TiO2-3%

may result from the high dispersion of Pt nanoclusters.

Notably, a low Pt content (0.54 wt%) is detected by ICP-MS. For

comparison, the photocatalytic activity of Pt/TiO2 prepared by

the traditional impregnation method was also assessed. Pt/

TiO2 also possesses a hollow nanostructure similar to that of

C/Pt@TiO2-3% due to their similar preparation processes.

However, its activity ismuch lower than that of C/Pt@TiO2-3%,

which may be attributed to the lower Pt content. Although a

higher amount of H2PtCl6 is added during the preparation of

Pt/TiO2 (1.0 ml per 0.2 g modified template) compared to that

of C/Pt@TiO2-3% (0.75 ml per 0.2 g modified template), the Pt

content (0.14 wt%) is lower in Pt/TiO2 compared to that in C/

Pt@TiO2-3% (0.54 wt%), suggesting that the template covered

by CS shows an enhanced adsorption capacity for PtCl6
2� ions.

To discuss the importance of the doped N in carbon, the

photocatalysts without N were prepared by replacing the

polymer precursor. As shown in Fig. S8, the result shows that

the H2 production rates of C/Pt@TiO2-3% (318.3 mmol h�1) is

much higher than that of R/Ptx@TiO2-3% (31.5 mmol h�1),

which may be due to the stronger adsorption capacity of

chitosan towards PtCl6
2� and coordination stabilization of the
zed Pt in hollow nano-TiO2 with enhanced photocatalytic activity,
ydene.2020.06.275
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Fig. 5 e The (a) XRD pattern, (b) XPS survey, high-resolution spectra of (c) Pt4f, (d) Ti2p, (e) C1s, (f) N1s and (g) O1s, and (h) N2

adsorption-desorption isotherm and pore size distribution (inset) of C/Pt@TiO2-3% composite.
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doped N in carbon towards Pt. In addition, it was found that

the H2 production rate of R@TiO2 (2.9 mmol h�1) is also lower

than bare TiO2 (6.6 mmol h�1). Hollow nanostructured bare

TiO2 has excellent light absorption performance originated
Please cite this article as: Chen N et al., N-doped porous carbon-stabili
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from light scattering phenomenon of transparent shells [8].

When the inner surface modified by carbon layer, the light

absorption may be weakened due to light scattering inside a

hollow structure is eliminated. The same disadvantages will
zed Pt in hollow nano-TiO2with enhanced photocatalytic activity,
ydene.2020.06.275
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Table 1 e The BET surface area (SBET), average pore size, and total pore volume.

C/Pt@TiO2-0% C/Pt@TiO2-3% C/Pt@TiO2-5% C/Pt@TiO2-100%

SBET (m2 g�1) 128.294 61.298 72.554 79.446

Average Pore Size (nm) 1.016 3.018 2.023 1.390

Total Pore Volume (cm3 g�1) 0.326 0.462 0.367 0.276

Fig. 6 e (a) Time courses of photocatalytic H2 evolution on different photocatalysts; (b) Corresponding average H2 evolution

rate; Long-time cyclic test of C/Pt@TiO2-3% (c) and Pt/TiO2 (d).
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also appear in the C@TiO2. However, both C@TiO2

(6.9 mmol h�1) and bare TiO2 have similar activity, far higher

than R@TiO2, which could be attributed to that N doping in

carbon layer changes the electron cloud density around it, so

as to regulate the free energy of hydrogen adsorption and

desorption at the active site on the surface of the material,

thus promoting water reduction [44,45]. Thus, the CS-assisted

loading method can indeed increase the photocatalytic ac-

tivities for H2 evolution.

Durability is an important indicator to evaluate the cata-

lytic performance of PCs. The photocatalytic activity of C/

Pt@TiO2-3% was monitored in a 40-h cyclic test, in which C/

Pt@TiO2-3% was not centrifuged and no fresh sacrificial agent

was added. Fig. 6(c) shows no obvious decrease of H2 evolution

activity during the 40-h cyclic test, indicating excellent dura-

bility. This may be attributed to the N-doped carbon layer

formed by the carbonization of the CS layer during calcina-

tion, which plays a critical role in the stabilization and

dispersion of Pt nanoclusters on PC. The recycled C/Pt@TiO2-

3% was characterized by TEM (Fig. S9), which reveals no
Please cite this article as: Chen N et al., N-doped porous carbon-stabili
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significant aggregation of Pt nanoclusters anchored on the

inner surface of the hollow nanostructured TiO2. For com-

parison, Pt/TiO2 was subjected to the 20-h cyclic test under UV

light without the addition of fresh sacrificial agent as well. As

shown in Fig. 6(d), the durability of Pt/TiO2 is rather poor. The

Pt content of recycled Pt/TiO2 and C/Pt@TiO2-3% were detec-

ted by ICP-MS. Apparently, the Pt content of Pt/TiO2 is declined

from 0.14% to 0.11% after long-time cyclic test, but that of C/

Pt@TiO2-3% has no changed (0.54%), which indicates that the

decreased activity of Pt/TiO2 may be due to the Pt nano-

particles falling off. These results further indicate that the

proposed loading method for metal co-catalysts is beneficial

to the stability ofmetal nanoclusters and the durability of PCs.

A series of C/Pt@TiO2-0% with different Pt loadings were

prepared by changing the addition of volume of H2PtCl6 so-

lution during the preparation process. As expected, the pho-

tocatalytic activity is positively correlated with Pt loading

(Fig. 7(a)). To investigate the effect of porosity of the carbon

layer on the photocatalytic activity, a novel air-etching

method was employed to prepare C/Pt@TiO2-y% under
zed Pt in hollow nano-TiO2 with enhanced photocatalytic activity,
ydene.2020.06.275
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Fig. 7 e (a) H2 evolution rate of samples with different amounts of H2PtCl6 solution; (b) H2 evolution rate of samples

calcinated under an atmosphere with different air proportion.
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different air ratios during calcination, as shown in Fig. 7(b). It

can be found that the H2 production rate of C/Pt@TiO2-y% in-

creases with the increase of the air ratio and reaches a

maximum at an air ratio of 3%, after that it decreases with

further increase of the air ratio. In order to clarify the reason,

N2 adsorption-desorption test was performed, as shown in

Fig. 8. All the isotherms (Fig. 8(a)) display a typical IV-type

curve, suggesting their mesoporous nature. The pore size

distributions calculated based onDFT are shown in Fig. 8(b). C/

Pt@TiO2-3% shows higher porosity than other samples tested,

which can facilitate the diffusion of reactants and products

and thus lead to enhanced photocatalytic activity. The BET

surface area (SBET), average pore size, and total pore volume of

samples are listed in Table 1. The C/Pt@TiO2-0% calcined in a

pure nitrogen atmosphere shows the largest SBET
(128.3 m2 g�1) and the smallest average pore size (~1.0 nm),

which may be attributed to the dense carbon layers formed
Fig. 8 e N2 adsorption-desorption isotherms and

Please cite this article as: Chen N et al., N-doped porous carbon-stabili
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from CS carbonization. The dense sandwich structure (Pt

nanoclusters are sandwiched between the N-doped carbon

layer and anatase TiO2 shell) with smaller pores imply a thick

carbon layer surrounding the Pt clusters, which may not be

conducive to the diffusion of reactants and products and

exposure of active sites and thus lead to lower photocatalytic

activity. This could be improved by the air-etching method. At

an air ratio of 3%, the composite shows the largest total pore

volume (~0.46 cm3 g�1) and average pore size (~3 nm) because

of the decreased carbon layer, which is very beneficial to the

diffusion of reactants and products and exposure of active

sites. The residual carbon skeleton can also well stabilize and

disperse Pt nanoclusters, causing the highest activity and

durability. However, as the air ratio exceeds 3%, Pt nano-

clusters aremore likely to aggregate during calcination, which

can be demonstrated by the HRTEM image of C/Pt@TiO2-100%

(Fig. S11). It can also be found that the Pt nanocluster becomes
pore size distributions of different samples.
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larger in size and less in amount. Besides, both the total pore

volume and average pore size decrease. All of these contribute

to decreasing the photocatalytic activity. Thus, the proposed

air-etching method could regulate the photocatalytic activity

of the C/Pt@TiO2-y% through controlling the mesoporous

structure of N-doped carbon layer. Finally, the resulted mes-

oporous structure can increase the exposure of Pt nano-

clusters and diffusion of reactants and products,

consequently leading to an increase in the photocatalytic H2

production activity.

The photoelectric properties of the as-prepared samples

were characterized by UVeVis DRS, PL and SPV. The DRS

spectra of bare TiO2, Pt/TiO2, and C/Pt@TiO2-3% (Fig. 9(a))

display strong absorption bands in a range of less than

400 nm, which correspond to the excitonic absorption of TiO2

substrate [53]. The absorption in the visible region is related to

the color change of these samples (see the inset of Fig. 9(a))

[54,55]. According to the Tauc plots (Fig. 9(b)), the optical band

gap values (Eg) of the bare TiO2, Pt/TiO2, and C/Pt@TiO2-3% are

3.2 eV, 3.1 eV, and 2.6 eV, respectively. The Eg of Pt/TiO2 is

smaller than bare TiO2, which can be attributed to the surface

plasmon resonance effect of Pt loaded on TiO2 [56,57].

Compare to Pt/TiO2 (0.14% of Pt), the C/Pt@TiO2-3% displays a

narrow band gap (2.6 eV), maybe due to the increase of

number and/or content (0.54%) of Pt nanoclusters [58]. The PL

spectra (Ex ¼ 400 nm; Fig. 9(c)) show that the emission in-

tensity of Pt/TiO2 is much lower than that of bare TiO2, indi-

cating that photogenerated electrons can be transferred from

TiO2 to Pt. As a result, the charge recombination is more
Fig. 9 e (a) UVeVis DRS, (b) Tauc plots, (c) PL spectra and (d
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suppressed, leading to a higher H2 production rate of Pt/TiO2.

The emission intensity of C/Pt@TiO2-3% is slightly lower than

that of bare TiO2 but higher than that of Pt/TiO2, indicating

that the transfer of photogenerated electrons in C/Pt@TiO2-3%

is not improved as much as that in Pt/TiO2. In order to verify

this phenomenon, SPV test was also carried out. In Fig. 9(d), a

strong SPV response signal of bare TiO2 is observed due to its

intrinsic transition [59], and that of Pt/TiO2 is stronger than

that of bare TiO2, which signifies the higher separation effi-

ciency of photogenerated carriers in the space charge region

affected by the built-in electric field [60]. Although C/Pt@TiO2-

3% shows the highest photocatalytic activity, the SPV signal

intensity of all C/Pt@TiO2-y% (y ¼ 0, 3, 100) is weaker than that

of Pt/TiO2 and bare TiO2, which is consistent with the PL re-

sults. In addition, the SPV signal intensity follows the order of

C/Pt@TiO2-100%>C/Pt@TiO2-3%>C/Pt@TiO2-0%, the color of

which are getting darker in this order, indicating that C in-

creases in turn. Therefore, it can be further speculated that

the carbon layer hinders the efficient separation and transfer

of photogenerated carriers in samples. Even so, C/Pt@TiO2-3%

still shows the highest photocatalytic activity. Thus, it can be

got that N-doped carbon plays a more important role in other

ways, including the well dispersed and loaded stably Pt clus-

ters with a smaller and uniform size (~1.8 nm). More impor-

tantly, as mentioned above, the mesoporous structure of N-

doped carbon layer by air-etching contributes to the diffusion

of reactants/products and exposure of more active Pt sites to

promote surface reactions. Finally, C/Pt@TiO2-3% shows the

highest photocatalytic H2 evolution rate.
) SPV spectra of bare TiO2, Pt/TiO2 and C/Pt@TiO2-3%.
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Fig. 10 e (a) Mott-Schottky plots of bare TiO2 and C/Pt@TiO2-3% in dark; (b) the proposed photocatalytic mechanism based on

the C/Pt@TiO2-3% system.
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The UVeVis DRS, PL, and SPV results indicate that the

carbon layer is not conducive to electron transfer and efficient

separation of photogenerated carriers of C/Pt@TiO2-3%.

Although Pt/TiO2 shows better electron transfer and more

efficient separation of photogenerated carriers than C/

Pt@TiO2-3%, C/Pt@TiO2-3% shows the best photocatalytic ac-

tivity probably due to the higher dispersion, smaller size of Pt

nanoclusters, larger total pore volume, larger average pore

size and exposure of more reactive sites. These properties are

expected to have important roles in photocatalytic H2

production.

Mott-Schottky measurements (Fig. 10(a)) were performed

in dark to determine the flat band potential (Efb) and donor

density of bare TiO2 and C/Pt@TiO2-3%. Obviously, both the

bare TiO2 and C/Pt@TiO2-3% are n-type semiconductor due to

the positive slop of their Mott-Schottky plots. The Efb of bare

TiO2 and C/Pt@TiO2-3% were calculated respectively as

�0.44 V (vs. RHE) and �0.52 V (vs. RHE), corresponding to its

position for bottom of conduction band (CB). So, according to

formula (2) and the band gap values analyzed from Tauc plots

[61], the position of valence band (VB) of bare TiO2 and C/

Pt@TiO2-3% can be calculated as 2.76 V (vs. RHE) and 2.08 V (vs.

RHE), respectively. The slop of liner part of Mott-Schottky plot

of the C/Pt@TiO2-3% is less than that of bare TiO2, revealing

that the higher donor density for C/Pt@TiO2-3% than that for

bare TiO2 [62], which means the significant photoactivity

advancement of C/Pt@TiO2-3% compare to bare TiO2.

EVB �ECB ¼ Eg (2)

According to the results and discussion above, a possible

mechanism for the photocatalytic H2 production based on C/

Pt@TiO2-3% composite was proposed, as shown in Fig. 10(b).

Under irradiation, the composite was excited, and the elec-

trons and holes generated subsequently. Attributing to the

high conductivity of Pt and the formation of a Schottky junc-

tion between TiO2 and Pt nanoclusters [63], the generated

electronswere easily transferred to Pt nanoclusters embedded

in the N-doped carbon layer. Hþ ions were reduced into H2 at

the Pt sites. In this process, Pt nanoclusters with smaller size

and larger reactive surface in the carbon layer supply

considerable reactive sites for H2 reduction. Thus, the
Please cite this article as: Chen N et al., N-doped porous carbon-stabili
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photocatalytic activity of C/Pt@TiO2-3% is much better than

bare TiO2.
Conclusions

In summary, polymer-anchoring and photochemical solid-

phase reduction are combined to load highly dispersed and

stable Pt nanoclusters on the inner surface of the hollow-

structured nano-TiO2. A thin CS layer is covered on the

template surface and then transformed into N-doped meso-

porous carbon layer after calcination, which is beneficial to

the dispersion and stabilization of Pt nanoclusters. The

mesoporous structure of N-doped carbon layer can be

controlled by air-etching during calcination. Finally, the

hollow-structured C/Pt@TiO2-3% nano-composite with

0.54 wt% of Pt has been successfully prepared. The photo-

catalytic H2 production rate reaches 9086 mmol h�1 g�1 in the

presence of sacrificial agent under UV light, which can be

attributed to the high dispersion and small size of Pt nano-

clusters, mesoporous properties, exposure of more Pt sites,

and synergistic promotion of doped N. The as-prepared C/

Pt@TiO2-3% shows good durability during the 40-h cyclic test.

This study presents an effective approach to dispersedly load

precious metal nanoclusters on the inner surface of hollow

catalysts.
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