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Abstract 

Development of efficient photothermal catalysts made of earth-abundant elements is of prime 

importance for heterogeneous photocatalysis driven by solar light. Herein, we report for the 

first time the synthesis of NiTi@TiO2/Ni core-shell-satellite nanoparticles from pristine nitinol 

nanopowder (NiTi) by simple and easily scalable ultrasonically assisted hydrothermal treatment 

in pure water (T = 200 °C, P = 14 bar, f = 20 kHz, Pac = 17 W, τ = 3 h). Prepared material 

exhibits unique set of properties, such as strong capability of light-to-heat conversion, good 

magnetization, high stability, and remarkable thermally assisted photocatalytic hydrogen 

production (5.5 mmol·h-1·g-1 at T = 90 °C). The core-shell-satellite morphology of 

NiTi@TiO2/Ni particles maximizes the contact area between the heat generating metallic core 

and photocatalytically active TiO2/Ni nanocrystalline shell providing the most efficient 

photothermal effect in the processes of H2 production and CO2 methanation without CO 

emission. In addition, significant magnetic susceptibility of the NiTi@TiO2/Ni nanoparticles 

allows their easy recovery from solution with an external magnetic field. Noncongruent surface 

oxidation of nanoalloys reported in this work paves the way to the preparation of new 

generation of catalysts with advanced photothermal properties.  

Keywords: nitinol, photothermal effect, photocatalysis, hydrogen production, methanation, H/D 

kinetic isotope effect  

 

Introduction 

Solar energy can be harnessed in various processes ranged from electricity production and 

heating to prompting chemical reactions via photocatalysis. Introducing heat into photocatalytic 

processes has attracted a great deal of attention in the last decade because it may significantly 

improve the photoconversion efficiency [1]. In addition, self-heating of the photocatalytic 

systems can provide a lower energy consumption to convert substrates into desired products 

[2]. Metallic fine particles have proven to be effective in both processes due to the broad light 

spectral harvesting and advanced photocatalytic activity. Photon absorption at the surface of 

metallic particles results in the electron-hole formation via nonradiative Landau damping 

mechanism [3]. However, in a highly conducting metallic material formed electron-hole pairs 

will recombine rapidly producing strong local heating. On the other hand, high electric 

conductivity implies high carrier mobility, and this might allow electron-hole separation in the 

presence of  carrier scavengers, such as adsorbed molecular species or semiconducting metal 

particle supports leading to photocatalytic activity [3,4]. The efficiency of photothermal 

catalysts depends strongly on their composition, optical properties, particle size and 

morphology [2,5,6]. Plasmonic gold nanoparticles (NPs) were shown to be efficient for 

photothermal catalysis [7] and for solar vapor generation [8]. Large number of recent studies 



was focused on photothermal solar fuel production (H2, CO, CH4) in aqueous solutions of 

sacrificial reagents and in gas phase (water-gas shift process, Sabatier reaction etc.) over noble 

metal NPs anchored on the semiconductor surface. Strong photothermal effect was reported for 

a number of plasmonic and nonplasmonic photocatalysts, such as Au/TiO2 [9], Pt/TiO2 [10-15], 

Pt/ZrO2 [16,17], Pd/TiO2 [18], Pd/ZrO2 [16], RuS2/TiO2 [19], RuO2/Pt/TiO2 [20], RuO2/SrTiO3 

[21], Rh/ZrO2 [16]. These specific examples are not in any way exhaustive and only serve to 

illustrate the principal types of viable photothermal catalysts reported in the literature. 

 It is worth noting that the high price of noble and rare metals limits their large-scale 

application in photocatalysis. Therefore, the development of alternatives is strongly desired. As 

a non-noble earth abundant metal, nickel was extensively used in various catalytic processes 

[22,23]. Metallic nickel and some nickel-based compounds are known to be promising 

cocatalysts in photocatalytic systems with semiconducting supports due to the strong light 

absorption, increasing active sites, and boosting charge separation by the formation of Shottky 

junctions, ohmic contacts, and p-n junctions [24]. In the gas phase, Mateo et al. reported 

efficient photothermal conversion of CO2 to CO and CH4 at H2/CO2 = 4 over Ni/BaTiO3 

nanocatalyst [25]. It is interesting that the irradiation of this catalyst with 300 W Xe lamp caused 

its temperature increase up to ca. 350 °C in the absence of any other external source of heat. In 

aqueous solutions of sacrificial reagents, Ni and core-shell Ni@NiO NPs loaded on the 

semiconducting supports show high photocatalytic activity in the process of hydrogen evolution 

[26-31]. On the other hand, it was shown that small Ni or Ni@NiO NPs (≤10 nm) anchored on 

TiO2 undergo photocorrosion in aqueous medium leading to the dissolution of metallic nickel 

and catalyst deactivation [32]. Encapsulation of Ni NPs with N-doped graphene prior deposition 

at SrTiO3 (Ni@NC/SrTiO3) improves their stability and photocatalytic performance as well 

[33].  

Nickel oxides have also attracted a lot of attention as an efficient cocatalyst in the 

photocatalytic processes. NiOx is a typical p-semiconductor, and the p-n heterojunctions at the 

interface with TiO2 provide effective charge separation and therefore the catalysts 

NiOx(1<x<2)/TiO2 exhibit significant photocatalytic activity [34-36]. In addition, 2D 

amorphous NiO nanoflakes can act as a photocatalyst even without any cocatalysts [37]. 

Combination of CrOx and Ni/NiO NPs deposited at the surface of Mg(II)-doped SrTiO3 

improves photocatalytic water splitting under UV light exposure [38].  Surprisingly, little 

research has been focused on the photothermal effects with nickel-based photocatalysts in 

solutions. Recently, Song et al. reported that the rate of aqueous methanol reforming in the 

presence of Ni2P/TiO2 composite is in 3.6 times larger under the joint effect of heat and light 

than that of the sum of the solely photocatalytic and thermocatalytic reactions [39]. Observed 

photothermal effect was ascribed to the thermally enhanced charge transport at the Ni2P/TiO2 

interface. It is interesting to note that even at near room temperature  Ni2P/TiO2 exhibits higher 

H2 photocatalytic production rate compared to NiO/TiO2, Ni(OH)2/TiO2, and NiS/TiO2 

photocatalysts [40]. 

The morphology of the nanocatalysts may strongly affect photothermal and photocatalytic 

efficiency. In particular, particles with core-shell structure have attracted significant attention 

due to the combination of multiple components, such as enhanced light-to-heat conversion, 

efficient charge separation, adjusting the catalyst structure, and high chemical stability [1, 2, 

41, 42]. Regarding core-shell photocatalysts with nickel, only few of them are reported in the 

literature. In addition to cited above Ni@NiO and Ni@NC/SrTiO3 NPs, Singh et al reported 



enhanced photocatalytic activity of Ni@NiO/NiCO3 NPs in the process of H2 evolution 

compared to Ni@NiO NPs [43, 44]. Higher photocatalytic response has been attributed to the 

efficient charge transfer from NiCO3 surface to the adsorbed water molecule.      

In general, Ni NPs are prepared using hazardous reducing reagents (hydrazine, phosphonic 

acid) or reduction of Ni(II) with H2 at high temperature hindering the scalability of nickel-based 

photocatalysts [25, 29, 39]. Herein, we report for the first time the synthesis, photothermal and 

photocatalytic behavior of the noble metal-free NiTi@TiO2/Ni core-shell-satellite NPs obtained 

from the commercially available nitinol, NiTi, nanopowder by simple and easily scalable 

ultrasonically assisted hydrothermal treatment in pure water. Nitinol alloy is well known due to 

its shape-memory properties resulting from the pseudoelastic effect [45]. This material has 

already found various applications in biomedicine, aerospace, and instrumentation [46, 47]. 

However, to our knowledge, the catalytic properties of nitinol have never been reported. As will 

be shown below, the NiTi@TiO2/Ni NPs exhibit unique set of properties, such as strong 

capability of heat generation under light irradiation, good magnetization, high stability, and 

remarkable thermally assisted photocatalytic activity.   

 

Experimental section  

Synthesis 

The synthesis of NiTi@TiO2/Ni particles was performed by simultaneous hydrothermal (T 

= 200 °C, P = 14 bar) and ultrasonic (f = 20 kHz, Pac = 17 W) treatment (SHT) of NiTi 

nanopowder (American Elements) in pure water (Milli-Q 18.2 MΩ cm at 25° C) for 3 h. Further 

experimental details and the graphical sketch of sonohydrothermal reactor are presented in the 

Supplementary Information (Fig. S1). The same approach was employed previously for the 

preparation of Ti@TiO2 photocatalyst [48, 49].  

Characterization  

PXRD diagram in Fig. 1 and Rietveld refinement of the PXRD data (Table 1) show the 

phase composition of the pristine and SHT treated nitinol NPs. In agreement with the literature 

[50, 51], at near room temperature the pristine NiTi NPs are mainly composed of the cubic B2 

phase (austenite) with some admixtures of the monoclinic martensitic phase and the 

intermetallic Ni3Ti phase. As it has recently been reported, the Ni3Ti can be formed during 

partial surface oxidation of NiTi [52]. The SHT treatment leads to the appearance of metallic 

Ni and anatase TiO2 patterns indicating non-congruent oxidation of nitinol in hydrothermal 

water. The preferential oxidation of Ti at the surface of the bulk NiTi alloy has been explained 

previously by the enrichment of NiTi surface with Ti atoms and by the thermodynamic stability 

of Ni NPs embedded into TiO2 matrix [52, 53].   

 

 

 

 

 



     

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. PXRD patterns of pristine nitinol (NiTi) and SHT treated nitinol (NiTi@TiO2/Ni) 

nanopowders. (→) NiTi cubic PDF 00-018-0899, (→) NiTi monoclinic PDF 00-035-

1281, (→) Ni3Ti PDF 00-051-1169, (→) Ni PDF 00-004-0850, (→) TiO2 anatase PDF 

00-064-0863.  

 

Table 1. Phase composition of the pristine (NiTi) and SHT treated (NiTi@TiO2/Ni) nitinol 
nanopowders. 

 

Sample                             

 NiTi 

cubic 

mol % 

      NiTi 

monoclinic 

 (10 %) 

Ni3Ti     Ni 

   

TiO2 

NiTi 91 5 4            ̶         ̶ 

NiTi@TiO2/Ni 31 ̶ <1         34  35 

 

The pristine NiTi NPs are composed of the quasi-spherical particles with an average size of 

around 20-100 nm without any crystals at the surface (Fig. 2a and Fig. S3). On the other hand, 

the STEM image of the single NiTi particle shown in Fig. 2b indicates clearly the presence of 

the passivating layer with the thickness about 4 nm. The complementary STEM/EDX mapping 

of the NiTi NPs are provided in Supplementary Information (Fig. S4). The SHT treatment leads 

to the formation of nanocrystalline shell composed of 15-25 nm truncated bipyramidal TiO2 

anatase particles and polyhedral Ni crystalline NPs (ca. 20 nm) as it is displayed in Fig. 3a. The 

specific surface area of SHT treated nitinol (SBET = 10  m2 g-1) was found to be larger than that 

of pristine nitinol (SBET = 5 m2 g-1), which could be attributed to the formation of nanocrystalline 

shell. The STEM/EDX mapping data shown in Fig. 3b and Fig. S5 reveal that the most of Ni 
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NPs are attached onto TiO2 shell forming core-shell-satellite structure. We suggest that this 

design maximizes the contact area between the heat generating metallic core and 

photocatalytically active TiO2/Ni nanocrystalline shell providing the most efficient 

photothermal effect. It should be noted that the catalytic properties of core-shell-satellite NPs 

are still poorly understood. However, very recently it was reported that the Ag@SiO2@CdS/Au 

NPs exhibit largely improved photocatalytic performance compared with traditional CdS/Au 

NPs [54].    

 

 

 

 

 

 

 

 

 

Fig. 2. STEM images of pristine NiTi particles. Corresponding STEM/EDX mapping is 

shown in Fig. S4.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. HRTEM images of NiTi@TiO2/Ni NPs obtained after SHT treatment of NiTi NPs 

(Fig. 3a) and ultra-microtomographic image of core-shell-satellite NiTi@TiO2/Ni particle 

coupled with EDX mapping of Ni (blue) and Ti (green) (Fig. 3b).   
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The surface chemical composition of NiTi and NiTi@TiO2/Ni NPs was studied by XPS. 

Table 2 summarizes the results of high-resolution XPS for O 1s, Ti 2p and Ni 2p states. The 

corresponding spectra are shown in Supplementary Information (Fig. S6-S7). The spectra were 

fitted using binding energies (BE) published in the NIST database [55]. The XPS profiles of O 

1s envelop for both samples indicate the presence of several oxygen species, which can be 

assigned to the chemisorbed water molecules, surface hydroxide groups and lattice oxygen of 

the oxidized Ti and Ni compounds at the surface of NPs. The Ti 2p envelop of NiTi NPs is 

dominated by TiO2 signal with some small amounts of Ti0 and lower oxidation states of titanium 

(TiO, TixOy Ti2O3). The Ni 2p spectrum is characterized by the intense signal of Ni2+ at 855.4 

eV and a satellite peak at 861.2 eV typical for NiO [56]. In addition, peak at 852.0 eV indicates 

the presence of metallic nickel. It should be noted that, in contrast to XPS, titanium and nickel 

oxidized species are not observed by PXRD of pristine NiTi, which can be attributed to their 

amorphous state or low concentration in bulk material. The peaks of Ti0 and low oxidation states 

of titanium have disappeared after SHT treatment. On the other hand, the XPS spectra exhibit 

the patterns of TiO2 and partially oxidized Ni0 in an agreement with core-shell-satellite 

morphology of NiTi@TiO2/Ni NPs. In general, the XPS data show clearly the enrichment of 

NiTi NPs surface with titanium species in agreement with recently published data for the bulk 

NiTi alloy [52, 53].     

 

Table 2. XPS analysis of pristine (NiTi) and SHT treated (NiTi@TiO2/Ni) nitinol NPs. 

Species  BE (eV) Atomic % (5 %) 

     NiTi        NiTi @TiO2/Ni  

O 1s A 529.76     38.0                    36.1 

O 1s B                531.08     18.0                    15.6 

O 1s C 532.21                            7.7                    12.4 

O 1s D 533.34       3.6                      4.0 

Ti0 2p 454.01       1.2                         0 

TiO 2p 455.15       0.8                         0 

TixOy 2p              456.23       1.0                         0 

Ti2O3 2p    457.21       0.7                         0 

TiO2  2p  458.35     21.8                     17.5 

Ni0    2p               852.0       2.5                       3.2 

NiO  2p 861.20           5.6                     11.2 

 

We found that NiTi@TiO2/Ni NPs exhibit distinct magnetic properties. Fig. 4 depicts the 

plot of magnetization vs external magnetic field for NiTi and NiTi@TiO2/Ni NPs. The 

pristine NiTi NPs show very low magnetization. According to the literature, the origin of 

NiTi magnetic susceptibility is expected to be of Pauli paramagnetism [57]. By contrast, 

magnetization curve of NiTi@TiO2/Ni NPs reveals its ferromagnetic behavior. The 

magnetic properties of NiTi@TiO2/Ni NPs are most likely related to the presence of 

magnetic Ni0 NPs in the shell of obtained material. It is known that the saturation 

magnetization, MS, of Ni0 NPs is strongly dependent on their shape and size and varies in 

the range of 23 – 48 emu g-1 at room temperature [58, 59]. The MS value of NiTi@TiO2/Ni 

NPs normalized to the amount of Ni0 calculated using XRD data (Table 1) is equal to MS =  



38 emu g-1 in line with the published data. The significant magnetic susceptibility enables 

NiTi@TiO2/Ni NPs recovery from aqueous suspensions with an external magnetic field as 

it is shown in the inset of Fig. 4. These data clearly indicate that magnetic Ni0 NPs are 

associated with non-magnetic NiTi@TiO2 core.    

Both materials, NiTi and NiTi@TiO2/Ni, have intense black color indicating effective solar 

light harvesting. As shown in Fig. 5, the absorption spectrum of pristine NiTi exhibits a broad 

continuum spanning from UV to NIR spectral range typical for interband/intraband transitions 

in non-plasmonic metals [60]. On the other hand, several clearly distinguishable absorption 

bands are observed in the spectrum of NiTi@TiO2/Ni NPs in addition to broad continuum. The 

broad band at 250-350 nm centered at ca. 320 nm is ascribed to the bandgap of TiO2 similar as 

previously reported for Ti@TiO2 NPs [49]. The peak at ca. 270 nm and barely visible broad 

adsorption band centered at ca. 770 nm are attributed to localized surface plasmon resonance 

(LSRP) of Ni0 and far-field (FF) optical response of the magnetoplasmonic rulers respectively 

[61, 62]. The FF absorption band is triggered by dipole-dipole interactions of Ni0 NPs. When 

two metallic NPs that individually show a LSRP are placed close to one another, additional 

forces act upon the polarization of both particles, splitting the original plasmon modes. 

Consequently, the relative intensity of the FF band strongly depends on the interparticle 

distance. Therefore, the low intensity of the FF band could be explained by Ni0 NPs separation 

with TiO2 NPs in the core-shell-satellite structure.            

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Magnetization curves for NiTi and NiTi@TiO2/Ni NPs measured at room 

temperature. The inset shows magnetic response of NiTi (left) and NiTi@TiO2/Ni 

(right) in aqueous suspensions. Permanent magnet is in the middle.   
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Fig. 5. UV/vis/NIR absorption spectra of NiTi and NiTi@TiO2/Ni NPs suspended in water 

using ultrasonic bath dispersion. Concentration of solids is 100 ppm. Optical length is 1 

cm. Comparison of the optical spectra for nitinol and pristine TiO2 is shown in 

Supplementary Information (Fig. S8). 

 

Results and discussion 

Light-to-heat conversion 

The photothermal experiments were performed in aqueous suspensions of NiTi and 

NiTi@TiO2/Ni NPs under the irradiation with a white light of xenon lamp. Further details about 

the photothermal experiments are presented in Supplementary Information (Fig. S2). The 

concentration of NPs in suspensions was 100 mg L-1. In the preliminary experiments, it was 

found that more than 95% of the incident light is absorbed at this concentration. Fig. 6 shows 

that during illumination the bulk temperature of colloidal suspensions is gradually increased 

reaching a steady-state value around 75 °C. The heating curves for NiTi and NiTi@TiO2/Ni 

NPs are very similar indicating that the self-heating effect is determined by NiTi metallic core 

rather than by TiO2/Ni shell. In general, metal NPs exhibit strong photothermal properties 

because they have high free electron density [7,8].  For a given light intensity, the maximum 

temperature increase provided by metallic particles, ΔTmax, is determined by two factors: (i) the 

total heat generation rate proportional to the particle volume; and (ii) the total heat current from 

the particle surface proportional to the particle surface area [63]. Hence, the temperature 

increase is roughly proportional to the second power of the particle radius: 

∆𝑇𝑚𝑎𝑥 ≈ 𝑅𝑁𝑃𝑠
2                                 (1) 
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Fig. 6. Temperature evolution with time under Xe lamp exposure for the aqueous 

suspensions of NiTi, NiTi@TiO2/Ni, NiOx/TiO2, and TiO2 anatase NPs. Concentration of 

NPs is 100 mg L-1. The absorbed light power is 8.9 W and 0.6 W for vis/NIR and UV 

spectral ranges respectively. The optical length of the cell is 3.5 cm. Water jacket of the 

cell is empty to reduce thermal losses. The temperature measurement uncertainty for 

NiTi@TiO2/Ni is the same as for NiTi.   

 

It can therefore be concluded that the strongest self-heating effect is produced by largest 

NPs with the size of ca. 100 nm (Fig. 2, 3). For comparison, Fig. 6 also demonstrates the heating 

curves for NiOx/TiO2 NPs, which is frequently reported as noble metal-free efficient 

photocatalyst,  and commercial anatase TiO2 NPs (d ≈ 20 nm) aqueous suspensions. The 

NiOx/TiO2 catalyst was prepared by conventional impregnation method reported in the 

literature [34,35]. Detailed description of the catalyst synthesis is presented in Supplementary 

Information. Fig. 6 shows clearly much lower heat generation efficiency of the pristine TiO2 

and NiOx/TiO2 NPs compared to that of NiTi and NiTi@TiO2/Ni NPs. In contrast to metallic 

NPs, the self-heating of semiconducting particles, such as TiO2 and NiOx/TiO2, is ascribed to 

the recombination of photogenerated electron-hole pairs [2,3]. In the pristine TiO2, 

photoexcitation occurs mostly by UV part of light produced by Xe lamp (c.a. 6% of the full 

spectrum). Therefore, this material exhibits relatively low light to heat conversion efficiency. It 

is noteworthy that the photothermal effect of NiOx/TiO2 is somewhat larger compared to TiO2 

due to the better visible light harvesting of nickel oxide loaded titania [34,35].      
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Photothermal catalysis 

The photocatalytic activity of NiTi and NiTi@TiO2/Ni NPs and conventional TiO2 anatase NPs 

was explored in aqueous solutions of 1M glycerol using a thermostated gas-flow cell (Fig. S2) 

adapted to mass spectrometric analysis of the outlet gases. The details of the mass spectrometric 

analysis are described in Supplementary Information. The two thermal regimes were included 

in this study: (i) self-heating when only the white light of the Xe lamp was used as a source of 

heat without any external temperature control and (ii) assisted heating when the temperature 

inside the photocell during light exposure was controlled with a thermostat. 

Self-heating 

Online mass spectrometric analysis of the outlet carrier gas revealed the photocatalytic 

formation of predominantly H2 and CH4, accompanied by lesser amounts of CO2. Fig. 7 and 

Fig. S9 show that upon light exposure the concentration of photocatalytic products in the outlet 

gas gradually increases with temperature rise reaching a steady state value simultaneously with 

that of temperature. On the other hand, the heating at 75 °C under dark conditions does not lead 

to gaseous products formation indicating the photonic origin of the process. It is worth noting 

that the amount of formed CO was below the detection limit of the mass spectrometer (0.5 ppm) 

for all studied systems. It is interesting that the photothermal methanol reforming over 

NiOx/TiO2 catalyst yields H2 and CO as principal products without CH4 [64] suggesting a 

significant difference of the reaction mechanism compared to nitinol-based catalyst.    
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Fig. 7. Emission profiles of H2 and CH4 under Xe lamp exposure for the suspensions of 

100 ppm of NiTi, NiTi@TiO2/Ni, and TiO2 anatase NPs in 1M glycerol at the self-heating 

regime at 75 °C. The corresponding emission profiles of CO2 are shown in Fig. S9.  

 

Fig. 8 summarizes the values of reactions rates for the gaseous photocatalytic products 

at the steady state reached during self-heating thermal regime. The largest reaction rates of H2, 

CH4 and CO2 production are observed over core-shell-satellite NiTi@TiO2/Ni NPs and their 

values follow the order of [H2] >> [CH4] > [CO2]. A similar kinetic behavior has been recently 

reported for the photocatalytic reforming of glycerol over Pt/TiO2-Nb2O5 catalyst [65]. 

Photocatalytic H2 evolution over NiOx/TiO2 NPs shown for comparison is larger than for 

pristine TiO2 in agreement with previous reports [34,35]. On the other hand, its photocatalytic 

performance is significantly lower than that of NiTi@TiO2/Ni NPs indicating crucial role of 

metallic Ni for efficient photothermal glycerol reforming.    

Surprisingly, the pristine NiTi NPs also show distinct photocatalytic activity. Despite 

very low H2 formation rate, the formation rate of CH4 over NiTi is only 1.4 times smaller than 

over NiTi@TiO2/Ni. In addition, CO2 formation rate with metallic NiTi NPs is close to that of 

semiconducting NiOx/TiO2 and TiO2 NPs indicating high selectivity of this catalyst toward CH4 

formation. Recently, it was shown that Ti0 NPs are inert in the photocatalytic glycerol reforming 

[49]. Therefore, the activity of NiTi alloy most likely is attributed to the presence of metallic 

nickel at the surface of NPs, which have been recognized as a promising catalyst for glycerol 

steam-reforming [66, 67]. As mentioned above, direct photocatalysis with unsupported metallic 

NPs is ascribed to the nonradiative Landau damping mechanism. Therefore, the first step of 

glycerol photocatalytic degradation would be triggered by electron hole scavenging at the 

surface of photoexcited NiTi NPs. However, the efficiency of this process is relatively low 

because of the extremely rapid electron-hole recombination in metals. On the other hand, high 

 

5E-14

1.5E-13

2.5E-13

3.5E-13

4.5E-13

5.5E-13

6.5E-13

0 0.5 1 1.5 2 2.5

― NiTi
― NiTi@TiO2/Ni
― TiO2

B)

Time (h)

C
H

4
in

te
n

si
ty

(a
. u

.)

Xe on

Xe on

Xe off

Xe off



photocatalytic performance of NiTi@TiO2/Ni NPs might be attributed to the efficient charge 

separation via electron trapping within satellite Ni0 NPs and electron hole accumulation within 

semiconducting TiO2 shell. It should be emphasized that not much is known about the 

mechanism of CH4 formation during photocatalytic reforming of glycerol in solutions. By 

similarity with thermo-catalytic CH4 production from glycerol over nickel-based catalysts in 

vapor- phase at ca. 400 °C [66, 67], one can suggest that CH4 is formed by methanation of CO2 

formed during glycerol degradation. Study of glycerol photothermal reforming over 

NiTi@TiO2/Ni NPs under assisted heating provided further insights onto reaction mechanism.  

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Formation rates of H2, CH4, and CO2 at the self-heating steady-state during Xe 

lamp exposure (75 °C) for the suspensions of NiTi, NiTi@TiO2/Ni, NiOx/TiO2, and TiO2 

anatase NPs in 1M glycerol aqueous solution. Inset demonstrates stability test of magnetic 

nitinol during H2 production for 4 cycles 4 h of light exposure each at self-heating. 

 

Catalyst stability 

The stability is one of the most important indicators for evaluating the performance of a 

photocatalyst. In this work, stability of NiTi@TiO2/Ni activity in H2 production was tested 

during 4 cycles of self-heating. After each 4 h cycle, the catalyst was removed with external 

magnet and reused with a fresh 1M glycerol solution. Slight decrease (< 5%) of H2 production 

rate at the last cycle (Inset of Fig. 8) most likely is assigned to some loss of catalyst during 

removal rather than to its passivation. In addition, any modification of the NPs morphology has 

been detected by STEM analysis after these experiments, indicating high stability of magnetic 

nitinol in the photothermal process (Fig. S10).     

Assisted heating 

Surprisingly, Fig. 9 depicts ridge-shaped profiles of H2 and CH4 emission during photothermal 

glycerol reforming over NiTi@TiO2/Ni NPs under assisted heating provided by external 
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thermostat in addition to self-heating with Xe lamp. A corresponding plot of CO2 emission is 

shown in Fig. S11 of Supplementary information. At the bulk temperature of T > 36 °C each 

stepwise heating leads to a sharp jumping of the gaseous products concentration at the initial 

stage. Then, their concentration is dropped until some steady-state value. At 75 °C the steady-

state concentration values are similar to those obtained during self-heating. Such striking 

behavior can be understood considering two observations: (i) at T < 36 °C the CH4 is barely 

detectable and the peak value of H2 is not observed, and (ii) the appearance of the CH4 peak is 

temporally mismatched on ca. 5 min compared to that of H2 as it can be seen from the inset of 

Fig. 9. Both phenomena allow to conclude that a ridge-shaped profile of gaseous products is 

attributed to CO2 methanation with H2 formed at the first stage of photothermal glycerol 

reforming. It should be noted that the apparent activation energy, Ea, in studied system for H2 

and CO2 formation is much lower than for CH4 (Table 3). Therefore, rapid external heating 

leads to more rapid production of H2 and CO2 compared to steady state. Then, kinetically less 

favorable methanation process would lead to the consumption of H2 and CO2 and drop of their 

concentrations until steady state values. The self-heating rate with NiTi@TiO2/Ni NPs (3 °C 

min-1, Fig. 6) is significantly lower than the rate of assisted heating (7 °C min-1 at T > 36 °C, 

Fig. 9). As a result, under self-heating the photocatalytic system has enough time to reach a 

steady-state between H2 production and CO2 methanation.       
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Fig. 9. Emission profiles of H2 (A) and CH4 (B) under Xe lamp exposure for the 

suspensions of 100 ppm of NiTi@TiO2/Ni in 1M glycerol at the assisted heating regime. 

The corresponding emission profile of CO2 is shown in Fig. S10. Inset shows zoom of H2 

and CH4 peaks at 75 °C. CH4 intensity was normalized to H2 for comparison.   

 

Table 3. Apparent activation energies, Ea, for H2, CO2, and CH4 formation during photothermal 

glycerol reforming over NiTi@TiO2/Ni photocatalyst. The Ea values were calculated from the 

Arrhenius plots formation rate values of for each temperature summarized in Table S1.  

 

Product Ea, kJ mol-1 

H2 192 

CO2 162 

CH4 596 

 

H/D kinetic isotope effect 

To gain further information on the mechanism of photothermal process in studied system we 

employed the H/D kinetic isotope effect (KIE). The KIE is known to be a powerful tool to reveal 

the dominating reaction pathways of photocatalytic processes [68-70]. In this work, the photo-

reforming of 1M glycerol was studied in 50 mol% H2O/50 mol% D2O mixtures over 

NiTi@TiO2/Ni NPs at 92 °C. In the equimolar H2O/D2O mixture, water mainly presents as 

HDO molecules because of fast equilibrium [71]: 
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H2O + D2O ⇄ 2HDO, Keq = 3.4 (T = 25 °C)           (2) 

Mass spectrometric measurements shown that hydrogen released during photolysis in HDO 

solutions is composed of three isotopologues: H2, HD, and D2. We found that the substitution 

of H2O with HDO reduces total hydrogen formation rate calculated as R(ΣH2) = R(H2) + R(HD) 

+ R(D2) by a factor of 2.7. It is worth noting that the difference in the physicochemical 

properties of H2O and HDO (strength of the hydrogen bonds, diffusion coefficient, conductivity 

etc.) does not exceed 5%. Therefore, the observed H/D KIE cannot be ascribed to the solvent 

isotope effect but to the primary KIE referred to the electron hole mediated cleavage of OH/OD 

bonds in the same way that it has been reported for the photocatalytic hydrogen production over 

Pt/TiO2 [68], Au/TiO2 [69], and Ti@TiO2 [70] catalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Distribution of the isotopic forms of methane formed upon Xe lamp exposure of 

100 ppm suspension of NiTi@TiO2/Ni NPs in 1M glycerol solution in HDO at 92 °C.  

In addition, we found that formed methane is comprised of five isotopically different 

species CHxDy, where x + y =4 and y vary from 0 to 4. Fig. 10 indicates the domination of 

CH2D2 species in the isotopic mixture, which gives H/D ratio in released methane close to that 

of HDO. This result strongly supports the assumption that CH4 in studied system is formed by 

the light-driven methanation of CO2 with H2. In other words, the mechanism of CO2 

photothermal conversion into CH4 with H2 in aqueous solutions of glycerol is quite similar to 

what is observed for the photothermally-induced Sabatier reaction over Ni-based photocatalysts 

in the gas phase [25, 72, 73]. Most likely, CH4 formation over pristine NiTi NPs is related to 

the similar mechanism. However, this catalyst is less effective in the process of H2 formation 

and almost all produced H2 is consumed during CO2 methanation stage. Finally, the mechanism 

of photothermal glycerol reforming over NiTi@TiO2/Ni NPs can be represented by two 

consecutive stages: 
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First stage 

                                               RCH2OH adsorption: 

NiTi@TiO2/Ni + RCH2OH ⇄ [NiTi@TiO2/Ni]·RCH2OH                                 (3) 

                                               Photoexcitation:  

[NiTi@TiO2/Ni]·RCH2OH+ hν → [NiTi@TiO2
h+/Nie]·RCH2OH                      (4) 

                                               RCH2OH splitting: 

RCH2OH + 2h+ → RCHO + 2H+ (R1)                                                                 (5) 

2H+ + 2e- → H2                                                                                                    (6) 

RCHO + H2O → RCH(OH)2                                                                               (7) 

RCH(OH)2 + 2h+
 

→ RH + CO2 + 2H+                                                                 (8) 

2H+ + 2e- → H2                                                                                                    (9) 

 

 

Second stage 

                                               CO2 photocatalytic methanation: 

 

CO2 + 4H2                                      CH4 + 2H2O  (R2)                                         (10) 

 

where RCH2OH and RH symbolize glycerol molecule and nonvolatile products of glycerol 

reforming respectively. The rate of electron hole-mediated OH bond splitting R1 leading to H2 

emission is larger than the rate of photocatalytic CO2 methanation R2 at the studied 

temperatures.   

Conclusions 

In summary, we report for the first time advanced photothermal and photocatalytic activities of 

NiTi@TiO2/Ni NPs. The NiTi@TiO2/Ni core-shell-satellite NPs were prepared by 

sonohydrothermal treatment of commercially available NiTi NPs in pure water.  This synthetic 

approach is easily scalable and environmentally friendly. The prepared NPs are composed of 

20-100 nm NiTi metallic core, nanocrystalline shell of 10-25 nm truncated bipyramidal TiO2 

anatase particles, and polyhedral Ni crystalline NPs attached to the TiO2 shell. The optical 

spectrum of NiTi@TiO2/Ni NPs exhibits a broad continuum spanning from UV to NIR spectral 

range typical for interband/intraband transitions in metals, the bandgap of TiO2, and localized 

surface plasmon resonance of Ni0 NPs centered on ca. 270 nm. In addition, in contrast to the 

pristine NiTi NPs, the NiTi@TiO2/Ni NPs exhibit distinct ferromagnetic properties ascribed to 

the presence of Ni0 NPs. Magnetic behavior allows easy recovery of the NiTi@TiO2/Ni NPs 

from solution with an external magnetic field. Both kinds of NPs, NiTi and NiTi@TiO2/Ni, 

show excellent heat generation capacity under light exposure. Illumination of 100 ppm aqueous 

suspensions of these materials with xenon lamp leads to the temperature rising up to 75 °C at 

studied conditions without any other source of heat making them very promising for the 

photothermal applications. Indeed, self-heating of the glycerol solutions with NiTi@TiO2/Ni 

NPs promotes efficient photocatalytic reforming accompanied by the release of CO-free H2 and 

CH4 with only small amounts of CO2. It is worth noting that even the pristine NiTi NPs exhibit 

distinctive thermally assisted catalytic properties, however, their catalytic performance is much 

less than that of NiTi@TiO2/Ni NPs. Comparative kinetic study of the thermally assisted 

photocatalytic glycerol reforming performed in self-heating and assisted heating regimes and 

H/D KIE provided new insights onto the mechanism of hydrogen emission and CO2 

hv, NiTi@TiO2/Ni 

 

 

 



methanation in studied system. Electron hole mediated OH bond cleavage is strongly involved 

in the limiting stage of H2 production. This process is accompanied by the release of small 

amounts of CO2. Then, the photocatalytic methanation of CO2 with formed H2 occurs at the 

active sites of the catalysts. The methanation process requires higher activation energy 

compared to H2 production. In general, non-congruent surface oxidation of nano-nitinol in mild 

conditions reported in this work paves the way for the preparation of efficient photothermal 

catalysts from wide variety of nanosized alloys. 
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