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Titanium nitride (TiN) is a promising candidate for surface-enhanced Raman scattering substrates due to its highly metallic 

behavior, strong surface plasmon resonance, and good chemical stability. In this research, we developed a novel 

nanocage-structured TiN through a two-step synthesis protocol involving hydrothermal growth of titanium precursors 

followed by controlled ammonia nitridation. Comprehensive material characterization using SEM, XRD, and XPS revealed 

well-defined nanocage morphology with face-centered cubic crystalline structure and stoichiometric Ti/N ratio. 

Remarkably, the nanocage architecture TiN demonstrated intensified localized surface plasmon resonance (LSPR) effects 

across visible to near-infrared spectra, translating to superior SERS performance with detection sensitivity reaching 10
-11

 

M for bisphenol A. Furthermore, nanocage TiN exhibits excellent resistance to acid–base corrosion, thus rendering it 

suitable for use as substrates in acid–base environments. 
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1. Introduction 
 

Surface-enhanced Raman scattering (SERS) can 

greatly enhance the weak Raman signal of molecules, 

which makes it a very sensitive non-destructive analysis 

technique at trace level [1]. SERS can detect Raman 

signals from low-concentration materials and has been 

used as a powerful ultrasensitive optical detection method. 

Excellent SERS substrates should have the advantages of 

low cost, high chemical stability, good biocompatibility, 

and more importantly, strong resonance with the analyte 

[2]. Traditional noble metal SERS materials based on 

nanostructures with strong surface plasmon resonance 

(SPR), and electromagnetic mechanism (EM) are 

considered to be the main contribution to Raman 

enhancement [3]. In recent years, transition metal nitrides 

have attracted growing research interest due to their 

excellent surface catalytic activity, thermal stability and 

chemical stability. Among them, transition metals such as 

VN [4], WN [5] and MoN [6] exhibit excellent SERS 

performance. For example, Guan et al. reported that 

ultrathin δ-MoN nanosheets were synthesized by solution 

route at 270°C and 12 atm, and their Raman enhancement 

factor (EF) was determined to be 8.16×10
6
 [7]. George et 

al. found that a few layered Ti2N-MXenes exhibited 

ultrasensitive detection of certain explosives at the 

micromolar level [8]. Xi et al. developed a molten salt 

method to prepare plasma vanadium nitride porous 

materials, which can be used as sensitive and stable SERS 

substrates [4]. At present, the research on SERS substrates 

mainly focuses on molybdenum nitride, vanadium nitride 

and tungsten nitride. However, there are few studies on 

TiN Raman enhancement. The previous research results 

show that porous TiN nanosheet-based substrate exhibited 

excellent enhancement effects for a minimum detectable 

concentration of 10
-12

 M [9]. TiN is an important 

functional material due to its strong surface plasmon 

resonance, high conductivity, excellent thermal stability 

and chemical stability [9]. However, due to its harsh 

reaction conditions, the synthesis of large-scale 

morphology-controllable transition metal TiN is still 

challenging. Therefore, research on TiN materials with 

other structures as SERS substrates has significant 

application value, offering a new type material for 

improving SERS technology. In this research, we propose 

a targeted etching preparation method to synthesize 

nanocage TiN hollow spheres with adjustable particle size. 

Nanocage TiN was obtained by nitriding TiO2 hollow 

spheres in a nitrogen atmosphere. The reported TiN in this 

paper shows a strong localized surface plasmon resonance 

(SPR) effect in the visible light region. Additionally, the 

substrate exhibited excellent sensitivity, chemical stability 

and reproducibility, with a detection limit of 10
-11

 M. 

 

 

2. Experimental details 
    

A schematic diagram of nanocage TiN nanospheres 

synthesis method is shown in Fig. 1. After the synthesis of 

amorphous TiO2 nanospheres TiO2 by hydrothermal 
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method, in order to obtain nanocage TiN, the following 

two steps were required: etching and subsequent 

nitridation of amorphous hydrated TiO2 sphere arrays. 

Amorphous TiO2 nanospheres were prepared as 

follows: At room temperature, 0.38 g of 28% NH3·H2O 

solution and 0.91 g of H2O were added to a mixed solution 

containing 300 mL ethanol (C2H6O) and acetonitrile 

(C2H3N) (volume ratio of 7:3), and the PH value was 5. 

Under continuous stirring, 5 mL tetrabutyl titanate was 

immediately added to the above solution, thereby forming 

a milky white suspension within 2 s. After the suspension 

was continuously stirred for 24 h, the product formed by 

centrifugation was washed twice with ethanol to remove 

the unreacted precursor, and finally the sample was rinsed 

twice with water. 

 

 
Fig. 1. Schematic diagram of TiN synthesis method (colour online) 

 

The synthesis of hollow urchin-like TiO2 was as 

follows: 1.5 g of amorphous TiO2 nanospheres were 

redispersed in 30 mL water. Subsequently, 0.13 g of NaF 

was added as an etchant. After stirring for 1 h, 0.15 g of 

polyvinylpyrrolidone (PVP) with an average molecular 

weight (AMW) of 10 K was added. The suspension was 

stirred again for 1 hour and then transferred to a 100 ml 

autoclave. The hydrothermal reaction was carried out at 

110 °C for 4 h for crystallization and directional etching. 

The collected white product was washed twice with 

diluted 1 mmol/L NaOH solution and water. Finally, the 

product was placed in an oven and calcined at 350 °C at a 

heating rate of 1 °C/min for 2 h to obtain the white hollow 

urchin-like TiO2.  

Nanocage TiN was obtained via the following steps. 

Hollow urchin-like TiO2 powder weighing 1 g obtained 

via the previously described preparation method was 

placed in a tube furnace. Under the protection of nitrogen, 

ammonia gas was introduced therein. The temperature was 

increased to 600 °C at a heating rate of 5 °C/min. Under 

these conditions, the reaction was allowed to proceed for 3 

h and the product was allowed to cool naturally to room 

temperature. Finally, nanocage TiN was obtained. 

The phase analysis of the sample was performed using 

X-ray diffraction (XRD) on Bruker D8 Discover 

diffractometer (Germany) with Cu Kα radiation. Scanning 

electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDS) were performed using Hitachi S-4800 

instrument (Japan). Transmission electron microscopy 

(TEM) and selected-area electron diffraction (SAED) were 

performed using a JEOL F200 electron microscope (Japan) 

operating at 200 kV. Ultraviolet-visible (UV-vis) 

absorption spectra were obtained using a Shimazu 

UV-3600 Plus spectrophotometer (Japan). A Renishaw in 

Via Qontor laser confocal micro-Raman spectrometer 

(USA) was used to determine the SERS properties of the 

nanocage TiN. In addition, for SERS detection, the laser 

excitation wavelength was 532 nm, the laser power was 

0.7 mW, and the magnification of the objective lens was 

×100 L. In order to improve the signal reproducibility and 

uniformity of the SERS substrate, the nanocage TiN 

substrate was added to the probe molecule aqueous 

solution for measurement and maintained for 20 minutes. 

In all SERS detections, the laser beam was perpendicular 

to the top of the sample, and the beam spot diameter was 

about 5 μm. 

 

 

3. Results and discussion 
 
The TiO2 synthesized by the hydrothermal method is a 

white precipitate, as shown in the inset of Fig. 2a. The 

X-ray diffraction (XRD) pattern (Fig. 2a) shows that these 

white precipitates are amorphous TiO2 nanospheres. SEM 

images show that the white precipitate is composed of 

uniformly distributed spheres with a diameter of 200-300 

nm (Fig. 2b-c). 

After chemical etching, the amorphous TiO2 

nanospheres transformed into a hollow urchin-like 

structures, and the samples were white, as shown in the 

inset of Fig. 2d. The XRD pattern (Fig. 2d) shows that the 

crystal phase of the white sample can be labeled as anatase 
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TiO2 containing rutile phase. Hollow puncture ball 

structure of the TiO2 were obtained via SEM, as shown in 

Fig. 2e–f. The length of the burrs and diameter of the ball 

are about 60 nm and 400-600 nm, respectively.  

 

 
Fig. 2. (a) XRD pattern of amorphous TiO2 nanospheres, the inset shows the amorphous TiO2 nanospheres powder; (b-c) SEM image  

of amorphous TiO2 nanospheres; (d) XRD pattern of hollow urchin-like TiO2, the inset shows the hollow urchin-like TiO2 powder;  

(e-f) SEM image of hollow urchin-like TiO2 (colour online) 

 

 

After nitridation, the urchin-like TiO2 transformed into 

nanocage TiN. The obtained black power as shown in the 

inset of Fig. 3a. The XRD pattern (Fig. 3a) shows that 

these products can be clearly indexed as face-centered 

cubic TiN. The obtained diffraction peaks are well-defined, 

indicating high crystallinity of the sample. In addition, 

there are no other diffraction peaks, indicating that the 

purity was very high, and no other impurities were mixed. 

The SEM image shows that the surface of the precursor 

urchin-like TiO2 was composed of a layer of spines, and 

the interior was empty as shown in the Fig. 2f. After 

nitridation, the spines began to melt due to the erosion of 

high temperature and ammonia, and formed a nanocage 

shape composed of particles as shown in the Fig. 3b and 

3c. Based on a transmission electron microscopy (TEM) 

image (Fig. 3d), TiN presents a hollow nanosphere. The 

surface of the nanospheres was rough and composed of 

nanoscale particles. The rough surface can enhance the 

intensity of the local electromagnetic field and generate 

numerous hotspots. This is beneficial to improve the SERS 

effect. In addition, as presented in Fig. 3e, the EDS result 

shows that the atomic ratio of Ti and N was 0.9, which was 

close to the proportion of TiN. Moreover, X-ray 

photoelectron spectroscopy (XPS) (Fig. 3f) confirmed the 

presence of TiN in the black sample. 

 

 

Fig. 3. (a) XRD pattern of nanocage TiN, the inset shows the nanocage TiN powder; (b-c) SEM image of nanocage TiN; (d) TEM 

image of nanocage TiN; (e) EDS spectrum and (f) XPS of nanocage TiN 
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Previous research shows that TiN exhibits strong 

metallicity [10-11]. Additionally, the simulated electron 

localization functions also shows that the structure of 

TiN exhibits a high density of free electrons [9]. Owing 

to these characteristics and the rough surface, the 

nanocage TiN exhibited a strong LSPR effect in the 

visible-light region, with a peak at 512 nm, as shown in 

Fig. 4a. 

 

 
 

Fig. 4. (a) UV-vis absorption spectrum and (b) substrate reaction to different concentrations of BPA of the nanocage TiN.  

(c) Resolvable Raman signals of the nanocage TiN as analyte concentration was diluted to 1.0×10-12 M. (d) UV-vis absorption 

spectrum, (e) SEM and (f) Resolvable Raman signals of nanocage TiN after being treated with hydrochloric acid (5 M)  

(colour online) 

 

 

The SERS effect of nanocage TiN was investigated. 

Considering the formation of strong electromagnetic 'hot 

spots' in the closely arranged nanocage TiN, the Raman 

scattering signal of the analyte molecules adsorbed at these 

positions will be greatly enhanced under the stimulation of 

excitation light. Bisphenol A (BPA), a carcinogenic 

persistent environmental pollutant, is widely used Raman 

probe. The SERS performance of a substance can be 

determined by its sensitivity to BPA. To enhance the 

resonance Raman effect, a 532 nm laser was selected to 

closely match the sample's UV-vis absorption peak, with a 

power of 0.7 mW. The laser beam was placed 

perpendicular to the top surface of the sample with the 

magnification of the objective lens being ×100 L. 

Different concentrations of BPA samples (10
-8

–10
-11

 M) 

were selected as probe molecules. As shown in Fig. 4b, the 

nanocage TiN exhibit highly sensitive Raman scattering 

effects for a series of BPA samples at the concentrations of 

10
−8

, 10
−9

, and 10
−10

 M. Even at a concentration of 10
-11

 M, 

nanocage TiN responded well to the analyte（S/N≥ 4）, as 

shown in Fig. 4c. It means that the nanocage TiN has 

excellent SERS performance. It is worth mentioning that 

the detection limit is better than most semiconductor SERS 

substrates, and even better than some noble metal 

substrates.  

From the perspective of application, the stability of 

materials is an important factor. It is worth mentioning that 

the nanocage TiN microspheres have high chemical 

stability. The UV-vis absorption spectrum and SEM 

images of the nanocage TiN treated with hydrochloric acid 

(5 M) for 5 h each are shown in Fig. 4d and Fig. 4e. The 

results show that the nanocage TiN microspheres still 

exhibited a strong surface plasmon resonance effect and 

high structural integrity even after severe corrosive 

procedures, thus demonstrating its excellent acid-treated 

resistance. The treated nanocage TiN microspheres were 

used to synthesized SERS substrates, and Raman 

measurements were performed on BPA solutions with 

concentrations of 10
-8

, 10
-9 

and 10
-10

 M. The Raman 

spectra in Fig. 4f shows that the acid-treated TiN 

substrates still exhibited significant enhancement effects 

on BPA and maintained a good detection limit. This 

indicates that the SERS substrate comprising these 

nanocage TiN microspheres can function efficiently in 

acidic environments. 
 

 

4. Conclusions 
 

Nanocage TiN microsphere substrates were 

successfully fabricated via a facile hydrothermal method 

followed by nitridation. The XRD pattern shows that these 

products can be clearly indexed as face-centered cubic TiN. 

The morphology, surface plasmon resonance, and SERS 

were characterized. The results showed that the TiN  

hollow spheres exhibited excellent SERS performance and 

a strong LSPR effect in the visible-light region. 

Furthermore, they were extremely sensitive to typical 
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environmental pollutant bisphenol A even for a minimum 

detectable concentration of 10
−11

 M. In addition, the 

substrate exhibited remarkable corrosion resistance, thus 

rendering it suitable for application to demanding 

environments. 
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