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ABSTRACT.  

Metal-support interaction strongly influences the catalytic properties of metal-based catalysts. 

Here, titanium nitride (TiN) nanospheres are shown to be an outstanding support, for tuning the 

electronic property of platinum (Pt) nanoparticles and adjusting the morphology of indium 

sulfide (In2S3) active components, forming flower-like core-shell nanostructures (TiN-Pt@In2S3). 

The strong metal-support interaction between Pt and TiN through the formation of Pt-Ti bonds 

favours the migration of charge carrier and leads to the easy reducibility of TiN-Pt, thus 

improving the photocatalytic atom efficiency of Pt. The TiN-Pt@In2S3 composite shows 

reduction of Pt loading by 70% compared to the optimal Pt-based system. Besides, the optimal 

TiN-Pt@In2S3 composite exhibits H2 evolution rate 4 times that of a Pt reference. This increase 

outperforms all other supports reported thus far. 

KEYWORDS. Metal-support interaction; Transition metal nitride; Platinum; Photocatalytic H2 

evolution; Core-shell nanostructure. 
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1. INTRODUCTION 

Direct solar-to-fuel conversion has the potential to ameliorate the growing energy crisis.1-2 

Hydrogen production from photocatalytic water splitting provides an attractive approach for 

converting intermittent solar energy into a storable and clean chemical fuel.3-4 Despite several 

attempts to develop photocatalytic hydrogen production systems, low efficiency continues to be 

a challenge because of therapid recombination of charge-carriers.5-6 Hence co-catalysts are 

required to suppress charge carrier recombination and provide effective proton reduction sites for 

achieving highly efficient photocatalytic hydrogen production.7 Practical photocatalysts use Pt as 

the cocatalyst to accelerate the H2 evolution reaction as it affords the highest exchange current 

density and has a low Tafel slope (~30 mV dec-1).8-9 However, low abundance and high cost 

associated with Pt limits its large scale application.10 

In this regard, minimizing the metal Pt loading while simultaneously improving the atom mass 

efficiency of Pt is a feasible strategy to striking a balance between photocatalytic activity and 

fabrication cost. Downsizing Pt nanoparticles to clusters or even single atoms provides an 

effective approach to improve the atom efficiency of Pt in photocatalytic hydrogen production.11-

12 For example, a single atom Pt co-catalyst led to significantly enhanced photocatalytic H2 

generation, 8.6 times higher than that of Pt nanoparticles (on per Pt atom basis).13 However, the 

complex synthesis process and easy aggregation occurring during reaction limits the practical 

application of such single atom-based materials. Generally, the interaction between metal species 

and the support strongly influences the performance of catalysts.14 Thus, introducing a support 

component for Pt forming metal-support interaction (MSI) is another efficient way to enhance Pt 

atom efficiency.15 Charge transfer from metal nanoparticles to support could induce the 

restruction of metal nanoparticles and formation of specific metal–support interfaces, which can 

improve the photocatalytic performance.16-17 For example, carbon-based materials as Pt 

nanoparticle supports have been reported by different groups.18 Zhang and co-workers using 

SiO2 nanosphere as a support couple with Pt nanoparticles fabricating SiO2/Pt/TiO2 

nanocomposites.19 In addition to Schottky-junction-driven electron transfer from TiO2 to Pt, Pt 

nanoparticles also produce hot electrons by recycling the scattered visible and near-infrared (vis-

NIR) light of the support. This synergistically increases the electron density over Pt nanoparticles 

and thus promotes photoactivity of the composite for hydrogen production under simulated 
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sunlight. Nevertheless, the supports reported thus far have offered little opportunity to reduce Pt 

loading. Therefore, novel support materials are needed to improve Pt atom efficiency. 

Transition metal nitrides (TMNs) have been reported as alternative catalysts to Pt due to the 

introduction of negatively charged nitrogen atoms that modify the d-band density of the parent 

metals.20-22 TiN is one of the few TMN materials that exists in nature; it possesses notable 

properties such as high thermal stability, chemical inertness, and electrical and thermal 

conductivities.23-24 Furthermore, TiN has been reported to be an effective support material for Pt 

minimization or replacement in the field of electrocatalysis.25-27 As large numbers of efficient 

electrocatalysts including Pt are also utilized as efficient co-catalysts in photocatalysis, TiN has 

the potential for being an effective support for improving atom efficiency of Pt in photocatalytic 

hydrogen production. 

Herein, we have prepared TiN nanosphere as a support to on one hand tune the electronic 

structures and improve the atom efficiency of Pt nanoparticle, on the other hand promote the 

dispersion of the In2S3 active component for forming flower-like core-shell nanostructures (TiN-

Pt@In2S3). The formation of the bonding between Pt and Ti atoms results in strong metal-

support interaction between Pt and TiN. It positively affects the co-catalytic performance of TiN-

Pt in hydrogen production and leads to the efficient charge carrier separation and easy 

reducibility of TiN-Pt. Therefore, the optimal TiN-Pt@In2S3 composite exhibits H2 evolution 

rate of 48.9 μmol g-1 h-1, which is 4 times higher than the Pt-based reference catalyst (12.7 μmol 

g-1 h-1). This increase outperforms all other supports reported thus far. Besides, the TiN-

Pt@In2S3 sample also shows reduction of Pt loading by 70% as compared to the optimal Pt-

based system. 

2. EXPERIMENTAL SECTION 

Synthesis of TiN nanospheres. TiN nanospheres were synthesized via thermal ammonolysis of 

TiO2 nanospheres. 1.98 g Hexadecylamine (HDA) was dissolved in 200 mL absolute ethanol 

with 1.6 mL deionized water. The mixture was stirred for 30 min. Thereafter 4.5 mL of Titanium 

(IV) isopropoxide (TIP) was used as the titanium source. It was added into the mixture quickly, 

and vigorously stirred. The white precursor suspension was kept static for 18 h and washed 

thoroughly with ethanol. The sample thus obtained was dried at 60 °C for 12h in an oven. The 
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TiO2 nanospheres with different sizes have also been synthesized. TiO2 precursors with small 

size are fabricated via the same method with this manuscript except for keeping static for 18 h. 

Subsequently the samples were transferred to a quartz boat and nitrided in NH3 flow (99.999%) 

using a flow rate of 200 sccm at 700 °C. This was done with a heating rate of 5 °C min-1 to reach 

700 °C; there after the temperature was maintained for 4h. The sample was then cooled down to 

the room temperature in the same flow. 

Synthesis of TiN-Pt composites. In order to synthesize the TiN-Pt composites, 30 mg of TiN 

was dispersed into 30 mL ethylene glycol. Subsequently formation of dispersion was ensured 

using ultrasonication for 10 min. The suspension was then transferred to a 50 mL teflon reactor. 

A certain amount (300 μL, 1 mL, 3 mL and 5 mL) of 50 mM chloroplatinic acid (aq.) solution 

was added into the teflon reactor. The suspension was then stirred for 2 h. The pH of the 

suspension was then adjusted to 8-9; the suspension was poured into a 100 mL teflon-lined 

autoclave and heated at 150 °C for 8 h. The product was then centrifuged and washed several 

times with deionized water and ethanol. The product was then dried at 60 °C for 12 h in an oven. 

Synthesis of flower-like TiN@In2S3 and TiN-Pt@In2S3 core-shell composites. In a typical 

procedure for the synthesis of TiN@In2S3 composites, different amounts of TiN nanospheres 

were dispersed into 100 mL anhydrous alcohol and dispersed using ultrasound for 5 min. 50 mg 

CTAB was then added to the suspension and ultrasonically dispersed for 10 min. After that, 360 

mg TAA and 707 mg InCl3·4H2O were in turn dissolved in above mixed solution and 

ultrasonically dispersed for 10 min, respectively. Finally, the solution obtained was transferred to 

a round flask and refluxed at 95 °C for 120 min. After cooling, the as-synthesized products were 

washed thoroughly with ethanol and dried in an oven at 60 °C overnight. TiN-Pt@In2S3 

composites were synthesized using the same procedure as the one used to make flower-like 

TiN@In2S3 core-shell structures. The only difference was that the TiN related steps was 

eliminated completed. The synthesis of the other contrast samples and composites are shown in 

the Supporting Information (SI). 

Characterization. The crystal structure for solid samples were characterized using an X-ray 

diffractometer (XRD, Rigaku Miniflex 600, Japan). Raman spectra were obtained on a confocal 

microprobe Raman system (Renishaw inVia Reflex). The diffuse reflectance spectra (DRS) of 
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the samples were measured using a UV-Vis spectrophotometer (Hitachi U-3900, Japan) 

equipped with an integrating sphere. Morphologies of the samples and EDX spectra were 

characterized using a field-emission scanning electron microscope (FE-SEM, Hitachi S4800, 

Japan). The transmission electron microscopy (TEM) images and high-resolution transmission 

electron microscopy (HRTEM) images were obtained using a JEOL model JEM 2010 EX 

instrument. Elemental mapping was characterized by Talos F200x instrument. Temperature-

programmed hydrogen reduction (H2-TPR) was characterized using Micromeritics 2920 

adsorption apparatus. X-ray photoelectron spectroscopy (XPS) and Ultraviolet photoelectron 

spectroscopy (UPS) were collected using an AXIS Ultra DLD (Shimadze, Japan) spectrometer 

with Al Kα excitation (1486.6 eV). The photo-electrochemical properties of the samples were 

conducted in a homemade three electrode system. The details were shown in SI. 

Photoactivity testing. The photocatalytic hydrogen evolution performances of the samples were 

tested in a commercial Perfect light system using gas chromatograph for the monitoring of 

hydrogen. The details were shown in SI. 

Computational details. The Density Functional Theory (DFT) was performed for structural 

relaxation and electronic properties in a basis set of plane waves with the Projector Augmented 

Wave (PAW) pseudo-potentials for electron-core interactions28 using Quantum Espresso 

Package.29 We used the crystal structure as determined using analysis of X-ray diffraction 

patterns. The full relaxation of unit cells and atomic coordinates were allowed until the total 

energy scf accuracy of 10-6 eV atom-1. The cut off for the residual force was 0.001 eV/Å, with 50 

Ry cutoff energy and a 6×6×6 k-point mesh, which was generated using the Montkhorst Pack 

method.30 The BFGS quasi-newton algorithm31 is used for calculating the ground state geometry 

of structure, position and lattice volume to be changed, and structure is fully relaxed until the 

total force is less than 10-4. 

3. RESULTS AND DISCUSSION 

Structural and morphology of TiN-Pt. The TiN nanospheres were prepared using TiO2 

nanospheres as the precursor through the nitriding treatment in NH3 atmosphere, as shown in 

Scheme S1 (Supporting Information). The TiO2 nanospheres were fabricated via a precursor 

hydrolysis method, which exhibits uniform and spherical morphology with diameters around 516 
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nm and with fairly smooth surfaces (Figure S1a and b, Supporting information). After being 

treated in NH3 atmosphere at 700 oC for 4 h, the TiO2 nanospheres completely converts to cubic 

TiN, as confirmed by X-ray diffractometer (XRD) in Figure S2, and the smooth nanospheres 

shrank to around 317 nm resulting in rough surfaces during this nitriding process (Figure S1c 

and d). The transmission electron microscopy (TEM) images shown in Figure S3 exhibit that 

TiN nanospheres are composed of nanoparticles along with small pores, and the measured lattice 

spacing of 0.211 nm is consistent with the d-spacing of the (200) plane of cubic TiN. Then, the 

nitrogen (N2) adsorption–desorption isotherms have been performed to investigate the surface 

area of TiO2 and TiN. As illustrated in Figure S4 and Table S1, TiO2 exhibits the type IV 

isotherm with a typical H3 hysteresis loop characteristic of mesoporous solids. Its specific BET 

surface area and pore size are 11.7 m2 g-1 and 0.04 cm3 g-1, respectively. After the nitriding 

process, the specific BET surface area and pore sizeof TiN enhance to 47.8 m2 g-1 and 0.16 cm3 

g-1, respectively. This obvious variation attributes to the rough surfaces of TiN nanospheres, 

which is observed in TEM images (Figure S3). 

X-ray photoelectron spectroscopy (XPS), a sensitive surface characterization technique, was 

employed to analyze the surface chemical composition. Survey XPS spectrum in Figure S5a 

shows the presence of Ti, N and O elements in the TiN nanospheres. As mirrored in Figure S5b, 

two 2p peaks with shoulder profile in the high-resolution spectrum of the core level of Ti 2p in 

TiN was consistent with values in literature.32 This confirms the formation of TiN. The Ti 2p3/2 

and Ti 2p1/2 peaks with binding energies of 455.6 and 461.1 eV were ascribed to Ti-N, and the 

shoulder peaks at 456.8, 462.5, 458.4 and 464.0 eV for Ti 2p3/2 and Ti 2p1/2 were assigned to O-

Ti-N and Ti-O, respectively.33-34 The existence of the O-Ti-N bond and Ti-O bond indicated an 

ultrathin oxide layer on the surface of TiN nanospheres. The N 1s spectrum of the sample in 

Figure S5c was fitted using three peaks which match with the binding energy of Ti-N (396.1 eV), 

O-Ti-N (397.2 eV), and adsorbed N (399.2 eV),35-36 respectively. This is in agreement with Ti 2p 

results, further confirming the formation of TiN nanospheres. 

Thereafter, using an in-situ hydrothermal method, Pt nanoparticles (NPs) were loaded onto the 

surface of TiN support, forming TiN-Pt composite. XRD analysis in Figure 1a confirms the 

formation of cubic TiN and Pt phases (both have space group of Fm-3m) in TiN-Pt sample. No 

secondary impurity phases are observed. The SEM image of the TiN-Pt sample in Figure S6a 
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and S6b shows that the Pt NPs were uniformly dispersed on the surface of TiN nanospheres by 

the ethylene glycol reduction process (Scheme S1). The average size of Pt NPs is calculated at 

around 3.1 nm (Figure S6c and S6d). The measured lattice spacing of 0.211 and 0.227 nm in 

Figure 1b-f are consistent with the d-spacing of the (200) and (111) plane of cubic TiN and Pt, 

respectively. Besides, a close contact between TiN and Pt is observed in HRTEM, indicating a 

metal to support interaction. The elements of Ti, N, and Pt are evenly detected in the elemental 

mapping (Figure 1g). It clearly reveals the uniform distribution of Pt nanoparticles on the 

surface of TiN support. Moreover, energy dispersive X-ray (EDX) result has revealed a weight 

ratio of Pt to TiN support of 1:1, as illustrated in Figure S6e. It is similar with the feed ratio in 

the synthesis process, also well corresponding the XRD refinement result of 51.9 : 48.1. 

 

Figure 1. (a) Rietveld refined XRD pattern of TiN-Pt composite. (b, c) TEM images of TiN-Pt 

composite. (d, e, f) High-resolution TEM images of selected regions of the particle. The lattice 

spacing of 0.211 and 0.227 nm are consistent with the d-spacing of the (200) and (111) plane of 

cubic TiN and cubic Pt, respectively. The junction between TiN and Pt can be clearly observed. 

(g) TEM mapping of TiN-Pt. EDX mapping images of Ti, N and Pt show a homogeneous 

elemental distribution. a.u., arbitrary units. 

Elaboration of TiN-Pt@In2S3. Using the TiN and TiN-Pt nanospheres as templates, the 

composites of TiN@In2S3 and TiN-Pt@In2S3 have been synthezided, as illustrated in Scheme 

S1b and c. The SEM images of TiN@In2S3 and TiN-Pt@In2S3 composites in Figure 2a and 
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Figure S7 show the similar flower-like nanostructures, among which the In2S3 nanosheets with 

thickness of ~15 nm are uniformly coated onto the surface of the TiN and TiN-Pt nanospheres 

support. TEM images in Figure S8a-c and Figure 2d further confirm the flower-like core-shell 

nanostructures of TiN@In2S3 and TiN-Pt@In2S3, in which the TiN and TiN-Pt nanospheres are 

enwrapped by In2S3 nanosheets with intimate interfacial contact. The HRTEM image in Figure 

2d shows a d spacing of 0.286 nm that matches with the interspacing of (400) planes of cubic 

In2S3 phase. However, d spacing of TiN cannot be detected due to the thick shell of In2S3 

nanosheets. In addition, Figure 2b shows the overlapping TEM mapping of various elements, 

including In, S, Ti, N and Pt, also indicating the flower-like core-shell architecture formation of 

the TiN-Pt@In2S3 nanocomposites. Similar element distribution has also been observed over the 

TiN@In2S3 nanocomposites (Figure S8d). Therefore, based on the above analyses, it is 

reasonable to infer that the In2S3 nanosheets are intimately coupled with the TiN and TiN-Pt 

nanospheres featuring a flower-like core-shell nanostructure. For the purpose of comparison, 

blank In2S3, and In2S3-Pt samples have also been prepared. Importantly, without the addition of 

TiN nanospere support, blank In2S3 and In2S3-Pt exhibit aggregation with irregular morphology 

(Figure S9). The morphology differences of the samples suggest that TiN support could 

effectively promote the dispersion of the In2S3 active component. 

The crystal structures of the TiN@In2S3 and TiN-Pt@In2S3 nanocomposites have been 

investigated by XRD, as shown in Figure 2c and Figure S10. All the samples exhibit similar 

XRD patterns. The diffraction peaks of the sample mainly corresponding to the cubic In2S3 phase 

(JCPDS No. 32-0456). A weak diffraction peak at 39.8°, corresponding to the (111) lattice 

planes of the cubic Pt (JCPDS No. 03-065-2868) can be observed when the addition amount is 

3wt%. The small diffraction peak located at 42.8° demonstrates the presence of TiN, and 

corresponding to the (200) lattice planes of the TiN (JCPDS No. 01-087-0632).  

The surface properties of the as-prepared nanocomposites have been studied by XPS spectra, as 

shown in Figure S11. The fully scanned spectrum of In2S3-based samples reveals the presence of 

elements such as In, S, O and C on the surface of the samples (Figure S11a). However, TiN and 

Pt elements have not been observed due to the thick shell of In2S3 nanosheets. Figure S11b and 

S11c display the typical high-resolution XPS spectra of In 3d and S 2p of the samples, 

respectively.37 The two strong peaks at binding energies of 452.6 and 445 eV for In 3d are 
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assigned to the In 3d3/2 and In 3d5/2, while the two strong peaks at 161.7 and 162.9 eV in the S 2p 

spectrum being attributed to the S 2p3/2 and S 2p1/2, respectively.38-39 In addition, the optical 

properties of the samples are determined by UV-Vis diffuse reflectance spectra (DRS) 

measurement as displayed in Figure 2e and Figure S12. It can be seen that blank In2S3 exhibits 

intrinsic band gap absorption with an absorption edge onset at 580 nm, corresponding to the band 

gap (Eg) of about 2.1 eV.40 The addition of TiN and TiN-Pt nanospheres can on one hand 

increase the light absorption intensity in the visible light region ranging from 580 to 800 nm as 

compared to blank In2S3, which can be ascribed to the broad background absorption of TiN in 

the visible light region (Figure S13).41 On the other hand, the slight red shifts of the edge 

absorption are observed in a series of nanocomposites as compared to blank In2S3, which could 

be attributed to the strong interaction between cocatalyst and In2S3 nanosheets.42 

 

Figure 2. (a) SEM image of the TiN-Pt@In2S3 composite. (b) TEM mapping of the TiN-

Pt@In2S3 composite. (c) X-ray diffraction (XRD) pattern of as-prepared samples. (d) TEM 

image of the TiN-Pt@In2S3 composite. (e) UV-vis absorption spectra of as-prepared samples. 

Visible-light-driven H2 evolution properties. The photocatalytic H2 evolution over the blank 

In2S3, a series of TiN@In2S3 and TiN-Pt@In2S3 core-shell nanostructures was performed under 



 

11 

visible light irradiation (λ > 420 nm) using lactic acid as the hole scavengers. As shown in 

Figure S14, controlled experiments have shown that only In2S3 exhibits photocatalytic H2 

evolution activity under visible light irradiation. Neither pure TiN nor TiN-Pt shows 

photocatalytic H2 evolution performance. Without light irradiation, none of the samples shows 

photocatalytic activity. The above results indicate that the In2S3 is the active component, and 

both of TiN and TiN-Pt are utilized as co-catalysts. In addition, the H2 evolution reaction is 

driven by light irradiation. As shown in Figure 3a, blank In2S3 show a H2 evolution rate of 2.9 

μmol g−1 h−1. With addition of TiN nanospheres, a series of TiN@In2S3 core-shell nanostructures 

display obvious enhancement of H2 evolution rate as compared to blank In2S3. The optimal 

addition amount of TiN is demonstrated to be 3 wt% (Figure S15a), and the 3 wt% TiN@In2S3 

composite exhibits the H2 evolution rates of 5.3 μmol g−1 h−1 (Figure 3a). Notably, further 

increasing the content of TiN to 5 wt% leads to a gradual decrease of H2 evolution activity. This 

originates from the “shielding effect” of TiN; that is opacity TiN will weaken the light irradiation 

depth through the depth of the reaction solution. This would unavoidably restrict the efficiency 

of TiN in promoting the photoactivity of TiN@In2S3 composite.43  

The introduction of different amount of Pt NPs results in a significant improvement in the 

photocatalytic H2 production activity over the TiN-Pt@In2S3 composites. Controlled experiments 

have eliminated the size effect of Pt nanoparticles in improving the photocatalytic activity of 

TiN-Pt@In2S3 nanocomposites. As shown in Figure S16, different loading amounts of Pt 

nanoparticles in Pt-TiN exhibit similar particle size of Pt. Besides, the size of TiN support has 

also been adjusted. It can be seen in Figure S17, that with loading similar amount of Pt, TiN-

Pt@In2S3 nanocomposites with different size of TiN show similar photocatalytic activity under 

visible light irradiation. As displayed in Figure 3a and Figure S15b, the optimal 3 wt%TiN-3 

wt%Pt@In2S3 exhibits the highest H2 evolution rate of 48.9 μmol g-1 h-1. Notably, the optimal 

In2S3-1 wt%Pt sample shows H2 evolution rate of 12.7 μmol g-1 h-1 (Figure S15c). This suggests 

that the photocatalytic H2 generation rate over the 3 wt%TiN-3 wt%Pt@In2S3 sample is almost 9 

times and 4 times higher than of 3 wt%TiN@In2S3 and In2S3-1 wt%Pt composites, respectively. 

In fact, it is to be noted that Pt NPs are generally utilized as a standard co-catalyst to determine 

the performances of other co-catalysts. As shown in Table S2, as compared to all previously 

reported Pt-replacement co-catalysts and Pt-modified systems, the H2 evolution enhancement 
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observed with TiN-Pt hybrid is the most efficient, indicating the effectiveness of TiN as a Pt 

support. 

Furthermore, it is quite interesting to find that the optimal weight addition ratio of Pt for the 

Pt@In2S3 and TiN-Pt@In2S3 composites are 1% and 3%, respectively. Generally, the optimal 

weight addition ratio of Pt for metal-semiconductor composite photocatalysts is less than 1% for 

achieving the proper synergy interaction between the semiconductor and Pt.44-45 As discussed 

above, opacity of TiN nanospheres also have a “shielding effect” similar to Pt. It is proposed that 

the recombination centers’ role of Pt is inhibited by addition of TiN nanospheres through 

intimate interfacial contact between Pt and TiN. This hypothesis is indirectly evidenced by a 

control experiment. Pt nanoparticles are loaded onto the surface of 3 wt%TiN@In2S3 composite 

by the same method with synthesis of In2S3-Pt, forming 3 wt%TiN@In2S3-3 wt% Pt 

nanocomposite. Due to the enhanced spatial separation of photo-carriers excited from In2S3, 

ternary TiN@In2S3-Pt nanocomposite exhibits higher H2 evolution rate (25.1 μmol g-1 h-1) than 

that of binary In2S3-Pt (Figure 3a). However, this is still lower than that of TiN-Pt@In2S3. It 

further reveals the positive role of interaction between Pt and TiN in the TiN-Pt@In2S3 

nanocomposites. In fact, this positive role of interaction between Pt and TiN also benefits to 

other semiconductor-based systems. As shown in Figure S18, TiN-Pt@TiO2 nanocomposites 

also exhibit similar trend of enhanced photocatalytic performances as compared to Pt-TiO2 and 

TiN@TiO2 nanocomposites. 

It is well known that the most severe limitation of utilization of Pt cocatalysts in photocatalytic 

artificial photosynthesis is their high cost. Therefore, maximizing the mass efficiency of Pt in 

photocatalytic water splitting is more important for their large-scale application. It is to be noted 

that 3 wt%TiN-0.3 wt%Pt@In2S3 composite exhibits similar H2 evolution rate of 13.2 μmol g-1 

h-1 when compared to optimal In2S3-Pt (12.7 μmol g-1 h-1). This means that the loading amount of 

Pt NPs can be decreased to 30 wt%, suggesting the significant increased mass activity of TiN-Pt 

as compared with that of Pt. Figure 3b gives the relative photocatalytic activity on the per gram 

Pt basis. Clearly, 3 wt%TiN-0.3 wt%Pt@In2S3 exhibits highest H2 evolution rate of 4397.5 μmol 

g-1 h-1 on per gram Pt, which is more than 3 times higher than that of In2S3-1 wt% Pt. 

Collectively, these photocatalytic activity results suggest that TiN nanospheres can be utilized as 
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a desirable support for Pt nanoparticle in improving the mass efficiency of Pt, resulting in Pt 

minimization. 

 
Figure 3. (a) The average rates of H2 evolution under visible light irradiation (λ > 420 nm, lactic 

acid as the sacrificial agents) over different samples. (b) H2 evolution rates of unit mass for 

precious metal Pt over four different catalysts. (c) Transient photocurrent response, (d) cyclic 

voltammograms and (e) electrochemical impedance spectroscopy of the as-prepared four 

samples. (f) Specific capacitance performances of as-prepared three samples. 

Photoelectrochemical (PEC) properties. A series of joint techniques have been employed to 

characterize the samples with optimal photoactivity to reveal the origin accounting for the 

photoactivity enhancement of TiN-Pt@In2S3 composites as compared to that of TiN@In2S3 and 

In2S3-Pt composites. The photoelectrochemical (PEC) analysis has been performed to investigate 

the charge carrier transfer process over blank In2S3, In2S3-1 wt% Pt, 3 wt%TiN@In2S3 and 3 

wt%TiN-3 wt%Pt@In2S3. As shown in Figure 3c, the TiN-Pt@In2S3 displays obvious transient 

photocurrent response under visible light irradiation, which is a 2-fold, 5-fold and 10-fold 

photocurrent enhancement as compared with In2S3-Pt, TiN@In2S3 and blank In2S3, respectively. 

This is a marked improvement, which suggests the composition advantage of the TiN-Pt@In2S3 

nanocomposite in promoting the separation and transportation of photo-generated charge 
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carriers.46 The high electrical conductivity of TiN and interaction between TiN and Pt leads to 

the transformation of the photo-generated electrons from the excitation of In2S3 to TiN and Pt, 

forming multi-level charge transfer. Cyclic voltammograms (CV) over blank In2S3, In2S3-1 wt% 

Pt, 3 wt%TiN@In2S3 and 3 wt%TiN-3 wt%Pt@In2S3 composites with obvious anodic and 

cathodic peaks for each sample have been observed. Since the preparation of the electrodes and 

electrolyte are identical for the CV curve measurement, the current density of the electrodes is 

related to the electron transfer rate of the electrode materials. The CV curves of different samples 

in Figure 3d follow the trend of TiN-Pt@In2S3 > In2S3-Pt > TiN@In2S3 > In2S3. It reveals that 

the introduction of TiN nanospheres can enhance the current densities of TiN-Pt@In2S3 

composites as compared to that of In2S3-Pt composite, which is consistent with the transient 

photocurrent results in Figure 3c. 

Furthermore, the electrochemical impedance spectroscopy (EIS) as a method to monitor charge 

transfer process on the electrode and at the contact interface between electrode and electrolyte 

has also been performed.47 It can be evidently seen that the four electrodes all show semicircles 

at high frequencies. The TiN-Pt@In2S3 nanocomposite exhibits the smallest semicircular in the 

Nyquist plot as compared to those of TiN@In2S3 and In2S3-Pt nanocomposites (Figure 3e). It 

indicates that TiN-Pt@In2S3 shows enhanced charge carrier migration efficiency as compared to 

the TiN@In2S3 and In2S3-Pt nanocomposites. In addition, the most efficient transfer of charge 

carriers over the TiN-Pt@In2S3 nanocomposite have been further verified by the specific 

capacitance performance (Figure 3f). It is observed that the TiN-Pt electrode shows markedly 

enhanced specific capacitance as compared to that of Pt/carbon and pure TiN, which indicates 

that TiN-Pt system can store more photo-electrons from the excited active constituent, and hence 

enables more effective separation of photon-generated carrier as compared to pure Pt.48-49 

Therefore, the above PEC results together confirm that introducing highly conductively TiN 

nanospheres as Pt supports is beneficial for efficiently separating and transferring the photo-

generated electrons from In2S3, hampering the recombination of charge carriers, and thereby 

resulting in the higher photocatalytic efficiency of TiN-Pt@In2S3 nanocomposites than that of 

TiN@In2S3 and In2S3-Pt nanocomposites under visible light irradiation (λ > 420 nm). 

Insights into the H2 evolution mechanism. Previously calculations have predicted electron 

density transfer from the support to Pt in cases wherein metal-support interactions (MSI) exist.50-
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51 The electronic properties of Pt are affected by support and may lead to the H-spillover effects 

and an enhancement of the adsorption strength of small molecules on the Pt surface. This is 

expected to influence the catalytic performance of Pt NPs. Therefore, the interactions between 

the TiN and metal Pt are invertigated. The Raman analysis is very sensitive to the crystallinity 

and microstructure of materials, which can provide detailed information about chemical structure 

and molecular interactions. As shown in Figure 4a, pure TiN exhibits the characteristic peaks at 

around 264, 372, 475 and 590 cm–1, which can be assigned to acoustic and optical modes of 

TiN.52 The broad bands around 300 cm–1 can be associated with the Ti-vibrating modes and the 

band around 550 cm–1 is due to the nitrogen-associated optical modes.53 After loading of Pt 

nanoparticles, all TiN peaks exhibit blue shift indicating that the nitride lattice is marginally 

perturbed due to the bonding with surface Pt atoms.54-55 Besides, two new characteristic peaks at 

174 and 721 cm–1, which belong to Pt-Pt stretching vibrations and Pt-O vibrations in Pt 

nanoparticles.56-58 Figure S19 shows ultraviolet photoelectron spectroscopy (UPS) valence band 

spectra of the TiN and TiN-Pt. The valence band maximum values are determined to be 

approximately 2.54 eV for TiN and 3.21 eV for TiN-Pt, respectively. Clearly, the valence band 

of sample is shifted away from the Fermi level due to the introduction of Pt. The shift of the 

valence band implies shift of d-band center in the TiN-Pt composite, which further comfirms the 

modulation in the electronic structure of the TiN-Pt as compared with that of TiN.59 XPS results 

further reveal change of electronic properties of Pt nanoparticles when the TiN support is 

introduced. Figure 4b represents a high-resolution spectrum of Pt 4f in In2S3-Pt and TiN-

Pt@In2S3 nanocomposites. The two peaks at 72.2 eV and 75.5 eV are corresponding to Pt 4f7/2 

and Pt 4f5/2, respectively.60-61 These peaks are attributed to metallic Pt NPs. When introducing 

TiN nanospheres as a support, both Pt 4f7/2 and Pt 4f5/2 peaks in TiN-Pt@In2S3 exhibit negative 

shift when compared to those in In2S3-Pt. These shifts in core electron binding energy, called 

core level shifts (CLSs), have been observed in other metal-supportsystems.62 The presence of 

TiN results in a redistribution of charge and affects the core levels of sample.63 Based on the 

magnitude and direction of the CLSs (-0.8 eV) and previous literature, it can be speculated that a 

Pt-Ti bimetallic structure has formed and causes a charge transfer from the TiN supports to Pt 

NPs.60, 64 The above characterization results suggest the successful formation of metal-support 

interaction between TiN and Pt nanoparticles with tunable electronic properties of Pt by TiN 

support. 
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To further understand the effect of TiN support, a detailed investigation among TiN, Pt NPs 

(using carbon as support), and TiN-Pt samples have been carried out. Figure 4c depicts the 

linear sweep voltammetry (LSV) curves of TiN, Pt/carbon, and TiN-Pt electrodes. As observed, 

the onset over-potential of TiN-Pt is lower than that of either Pt/carbon or TiN. The lower 

overpotential at the same current density indicates the lower potential energy loss in case of the 

TiN-Pt electrode; this in turn results in a higher photocatalytic activity rate for the catalyst during 

proton reduction reaction.65-66 This means that TiN-Pt not only reduces the recombination rate of 

electron-hole pairs, but also a highly active proton reduction catalyst. Temperature-programmed 

hydrogen reduction (H2-TPR) results confirm thereducible propertiesof Pt/carbon and TiN-Pt 

samples. As shown in Figure 4d, the TPR profile of the Pt/carbon sample is composed of two H2 

consumption peaks. The first peak appears at 340 °C and the second peak appears at 400 °C. 

Both peaks can be assumed to be due to the reduction of the Pt species.67-68 When the Pt NPs are 

loaded onto the TiN support, the low-temperature H2 consumption peak appears at 100 °C and 

the shoulder associated with the H2 consumption peak negatively shifts to 315 °C. This clearly 

shows the easy reducibility of TiN-Pt sample as compared to Pt/carbon.69 The above results 

indicate the superiority of TiN support in promoting the catalytic properties of Pt-based materials 

by inhibiting the recombination of charge carriers and increasing the reducibility and electron 

storing ability of Pt. 

Density functional theory (DFT) calculation has also been employed to reveal the tenability of 

the electronic properties of Pt NPs. Based on the above experimental results, TiN (200) surface is 

chosen for theoretical investigations. As shown in Figure S20a-c, Pt on top of the vacancy space, 

with an adsorption energy of -2.42eV, is the most stable site for Pt atom on (200) surface. Pt 

atom makes two bonds with the surface Ti atoms. These Ti atoms could move upward in a way 

that (200) surface will have a zigzag form compared with the clean surface (Figure S20c). The 

relatedpartial densities of state (DOS) is shown in Figure S21 and Figure 4e. The new hybrid 

states associated with Pt that emerge due to interaction with TiN are observed. Covalent bond 

formation between Ti and Pt is indicated; this result is consistent with reports on Ti-Pt bonds.70-71 

To provide further insight, the Electron Localization Function (ELF) plot is shown in Figure 4f. 

The accumulation of electron density between Ti and Pt is obvious. The value of Bader charge 

on Pt atom is around 0.6 electrons with a negative charge on it. Therefore, there would be an 

enhanced occupation for the d states of Pt. This would in fact influence the sub-layer material 
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and lead to bonding with Ti atoms. Both the theoretical and experimental analyses collectively 

indicate the strong interactions between TiN support and metal Pt, which may be beneficial for 

the activity enhancement over the Pt NPs. 

 
Figure. 4 (a) Raman spectra of the TiN and TiN-Pt. (b) XPS spectra of TiN-Pt@In2S3 and In2S3-

Pt in the Pt 4f region. (c) Polarization curves of as-prepared samples. (electrode rotating speed, 

1,600 r.p.m.; scan rate, 100 mV s-1). (d) H2-TPR profiles of C-Pt and TiN-Pt samples. (e) Partial 

and Total DOS plots for (200)-TiN after adsorption of Pt atoms on the top-most layer. (f) 

Electron Localization function (ELF) plot on top (200)-TiN surface with Pt atoms adsorbed on it. 
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Based on the above experimental and calculation analyses, a tentative reaction mechanism for 

photocatalytic H2 generation over TiN-Pt@In2S3 nanocomposites has been proposed, as 

displayed in Figure S22. Under visible light illumination, In2S3 as active component can be 

photo-excited to form electrons and holes from its conduction band (CB) and valence band (VB), 

respectively. Due to the high conductivity and low Fermi level of TiN and Pt, photo-generated 

electrons can transfer from the CB of In2S3 to the TiN-Pt, thus hampering the recombination of 

electrons-holes pairs. The metal-support interactions between the TiN and Pt endow the TiN-Pt 

with lower proton reduction overpotential and faster electron transfer capability, which 

efficiently promotes the photocatalytic H2 evolution rate. Concurrently, the holes in the VB of 

In2S3 will be consumed by the hole scavenger of lactic acid. As a result, the improved transfer of 

photogenerated electrons significantly contribute to the remarkably enhanced photoactivity of 

TiN-Pt@In2S3 samples as compared with that of TiN@In2S3 and In2S3-Pt nanocomposites. 

4. CONCLUSIONS 

In summary, TiN nanospheres have been shown to be adual functional support for improving 

atom efficiency of Pt NPs in photocatalytic H2 evolution and constructing TiN-Pt@In2S3 flower-

like core-shell nanostructures. Metal-support interaction occurs due to bonding between Pt and 

Ti atoms on the surface of TiN. This in fact tunes the electronic property of Pt, which enables 

more efficient charge carrier separation and easier reducibility of TiN-Pt when compared to pure 

Pt NPs. When In2S3 is used as avisible light driven catalyst and TiN is employed as the support, 

the loading amount of Pt NPs can be cut down to 30%. The optimal TiN-Pt@In2S3 composite 

exhibits a H2 evolution rate (48.9 μmol g-1 h-1), which is 4 times higher than the Pt reference 

(12.7 μmol g-1 h-1). 
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