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Abstract 

Alongside TiO2, Magneli-phase titanium suboxide having the composition of TinO2n-1 is a 

kind of attractive functional materials composed of titanium. However, there still remain problems 

to be overcome in the synthesis of titanium suboxide; the existing synthesis methods require high 

temperature typically over 1000 °C and/or post-synthesis purification. This study presents a novel 

approach to synthesis of titanium suboxide nanoparticles through solid-phase reaction of TiO2 with 

TiH2. Crystal phases of titanium suboxide were easily controlled by changing TiO2/TiH2 molar 

ratios in a TiO2-TiH2 mixed precursor and a series of titanium suboxide nanoparticles including 

Ti2O3, Ti3O5, Ti4O7 and Ti8O15 were successfully obtained. The reaction of TiO2 with TiH2 

proceeded at relatively low temperature due to high reactivity of TiH2, giving titanium suboxide 

nanoparticles without any post-synthesis purification. Ti2O3 nanoparticles and TiO2 were applied 

as solid acid catalysts for reaction of furfural with 2-propanol. Ti2O3 showed high catalytic activity 

and high selectivity for acetalization of furfural, while TiO2 showed only poor activity for transfer 

hydrogenation of furfural. The difference in catalytic properties is discussed in terms of the acid 

properties of Ti2O3 and TiO2. 
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Introduction 

Titanium is ranked in the tenth element of Clarke number and is the second most abundant 

transition metal next to iron.1 For making good use of limited natural resources, it is desirable to 

develop diverse functional materials from abundant and readily available elements like titanium. 

Because the most stable valence of titanium is Ti4+, TiO2 is a typical titanium oxide and has a wide 

range of practical applications. Meanwhile, titanium can take valence states less than Ti3+ and in 

fact, various titanium oxides containing the low-valence titanium are known.2,3 There are two 

classes of low-valence titanium oxides. One is a set of titanium oxides so called “partially-reduced 

TiO2”, which have nonstoichiometric compositions holding Ti3+ and oxygen vacancy as defects in 

TiO2 crystal.2 The other is called “Magneli-phase titanium suboxide”, which is hereafter simply 

called as “titanium suboxide”. Titanium suboxides have specific crystal structures different from 

TiO2 depending on their stoichiometric compositions (TinO2n-1, n ≥ 1).4 

It is well known that titanium suboxides show unique electrical and optical properties, which 

TiO2 does not show, serving as precursors for solar cells and electrodes.3 Nevertheless, practical 

applications of titanium suboxides are very few because of complexity and difficulty in the existing 

synthesis methods for titanium suboxides. Conventionally, titanium suboxides have been 

synthesized by the reduction of TiO2 with reductants such as gaseous compounds5-17, carbonaceous 

materials18-26 and metals with high oxygen affinity27-30 at typically 1000 °C or higher. However, 

such high temperature conditions inevitably cause particle growth. Consequently, resulting titanium 

suboxides have extremely large particles with low surface area, which limits the scope of their 
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applications especially for those involving chemical reaction on their surfaces such as catalysts and 

electrodes. It can be expected that titanium suboxide nanoparticles with enhanced surface area could 

make great progress in their existing applications and open new prospects of their novel use.  

In recent years, a couple of methods have been developed for the synthesis of titanium 

suboxide nanoparticles by using metals31, metal hydrides,32-37 and organic polymers38-41 as 

reductants for TiO2. Tominaka et al. developed a synthesis method using CaH2 as a reductant32; 

Ti2O3 nanoparticles with the size of 50 nm or less were successfully obtained by heating 

TiO2-CaH2 mixture at 350 °C for 15 days. Kageyama et al. utilized metallic Zr as an oxygen getter 

for synthesizing a series of macroporous titanium suboxide monoliths30. However, the recent 

excellent methods still have a problem related to the use of elements other than titanium. Metal 

oxides or carbonaceous compounds always coexist in the solid products as impurities and thus, 

burdensome post-synthesis purification to remove them are absolutely necessary to obtain pure 

titanium suboxides. Moreover, to our best knowledge, there are only few synthesis methods that can 

easily control a crystal phase of titanium suboxide at will. 

While applications of titanium suboxides to solar cells and electrodes have been 

investigated,3 there is no report on application of titanium suboxides as catalysts, though they are 

supposed to have unique catalytic functions owing to low valence titanium. In addition, quantitative 

understanding of catalytic properties of titanium suboxides, which have the stoichiometric 

compositions, could give a helpful knowledge to clarify the complex relationship between catalytic 

properties and surface structures such as Ti3+ and/or acid-base properties of partially-reduced TiO2, 
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while various chemical reactions are promoted over them, it is not still clearly understood.42-49 

Furfural is one of the important chemicals available from carbohydrates through degradation 

of pentosan and dehydration of pentoses such as xylose.50 Furfural is a platform material for the 

production of value-added chemicals from biomass.50-52 An example of its functional derivatives is 

a series of furfural acetal, which can be applied in pharmaceutical, surfactant, and flagrance 

industries and also can serve as versatile intermediates in organic synthesis.53-57 Of various types of 

solid acid catalysts tested so far, zeolites showed high catalytic activity and high selectivity in the 

acetalization of furfurals.54,55 Another important example of furfural derivative is furfuryl alcohol, 

which is a precursor for furanic resins, fuel additives, and so on.51,52,58-61 Furfuryl alcohol can be 

produced by transfer hydrogenation of furfural under mild conditions in the presence of Lewis 

acids.58-63 However, in some cases, the acetalization and transfer hydrogenation of furfural 

simultaneously occur, decreasing the selectivity to a desired product.58,59,61 Thus, the selective 

synthesis of furfural acetal and furfuryl alcohol is still a challenging issue. 

In the present study, we propose a novel method using TiH2 as a reductant for TiO2 to 

readily synthesize titanium suboxide nanoparticles with controlled crystal phases and stoichiometric 

compositions. Ti2O3 nanoparticles synthesized in this way showed high catalytic activity and high 

selectivity for acetalization of furfural due to its high surface area and unique acid properties, while 

TiO2 promoted only transfer hydrogenation of furfural. 
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Experimental 

Synthesis of titanium suboxides 

Titanium suboxides were synthesized by solid-phase reaction of commercial rutile TiO2 

(STR-100N, Sakai Chemical Industry) with TiH2 (99% metals basis, Alfa Aesar). TiO2 and TiH2 

were ground together for 30 min using a mortar with a pestle to obtain a homogeneously mixed 

precursor. The precursor was transferred to a quartz tube connected to a vacuum line and heated in 

vacuo for predetermined time by an electronic furnace (Figure S1). After the temperature was 

decreased to ambient temperature in vacuo, the product powder was taken out. Syntheses using 

TiH2 were done with TiO2/TiH2 molar ratio, temperature, and synthesis time varied. A commercial 

Ti2O3 was purchased from Kojundo Chemical Laboratory, Japan and denoted as Ti2O3-com. 

 

Characterization 

XRD patterns of samples were collected on a Rigaku MiniFlex diffractometer with Cu Kα 

radiation (λ = 0.154 nm) at a step width of 0.02°. Morphology of sample particles was observed by 

a field-emission scanning electron microscope (SEM) using a HITACHI S-4800 at acceleration 

voltage of 5 kV. Observation with a transmission electron microscope (TEM) was conducted using 

a JEOL JEM-2100F with an acceleration voltage of 200 kV. Specific surface area was calculated by 

the BET method applied for a nitrogen adsorption isotherm measured on a MicrotracBEL, 

BELSORP-mini analyzer at liquid nitrogen temperature. Samples were pretreated at 300 °C for 1 h 

in N2 flow. X-ray photoelectron spectroscopy (XPS) measurements were performed using a JEOL 
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JPC-9010MC X-ray photoelectron spectrometer with Mg Kα X-ray at 1253.6 eV as the excitation 

source. A powder sample (50 mg) was pelletized to a disk, and it was pretreated overnight under 

vacuum. C 1s peak (284.7 eV) derived from carbon tape was used for the charge correction. 

Acid properties of the samples were examined by temperature-programmed desorption of 

ammonia (NH3-TPD) using a BEL-TPD analyzer (MicrotracBEL) equipped with a quadrupole 

mass spectrometer ANELVA, M-QA100F. A powder sample (100 mg) was pretreated at 50 °C for 1 

h in He flow (20 mL min-1). After the pretreatment, the sample was exposed to NH3 (27 kPa) for 10 

min. The sample was purged with He flow (20 mL min-1) at the same temperature for 0.5 h to 

remove physisorbed NH3. A TPD profile was obtained by increasing the temperature of the sample 

from 50 to 750 °C at the rate of 10 °C min-1 in He flow (20 mL min-1) and concentration of NH3 

(m/z = 16) in the effluent gas was monitored by the quadrupole mass spectrometer. 

Thermogravimetric (TG) analyses of titanium suboxide samples were operated in air flow using a 

differential thermogravimetric analyzer (Rigaku, Thermo Plus TG8120). A sample (10 mg) was 

heated from ambient temperature to 1000 °C at a rate of 10 °C min–1. During the measurement, the 

sample gained weight due to oxidation and finally it was completely oxidized to form TiO2. From 

the amount of weight gain (oxygen uptake), the average valence of titanium for a sample was 

calculated according to an equation (1), 

Titotal =  
2 × �2 × Wf

79.87 � − (Wf − Wi)
16.00� �

Wi
79.87�

  (1) 

Where Titotal is the average valence of total titanium mainly in the bulk, and Wi and Wf are the 

weight of sample before and after TG analysis, respectively. 
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Catalytic reaction of furfural with 2-propanol 

Catalytic properties of Ti2O3 and TiO2 were examined in reaction of furfural with 

2-propanol (Scheme 1). A powder catalyst (25 mg) was added to 2.5 mL of 2-propanol solution of 

furfural (0.2 M) in a test tube and the suspension was heated at 90 °C for 2 h with stirring. The 

reaction was quenched by cooling the test tube in an ice bath and the suspension was centrifuged. 

The supernatant solution was analyzed on a GC-FID using SHIMADZU GC-2010 chromatograph 

equipped with a capillary column (Agilent J&W, DB-1). The amount of furfural and products in the 

solution was calculated according to the calibration curves. To compare catalytic properties with 

Ti2O3 and TiO2, commercially available zeolite beta (CP-811C-300, Zeolyst) and ZrO2 (RC-100, 

Daiichi Kigenso Kagaku Kogyo) were used as catalysts. 

 

 

Scheme 1 Reaction pathways for acetalization and transfer hydrogenation of furfural with 

2-propanol. 

 

Results and discussion 

Synthesis of Ti2O3 nanoparticles 

First, titanium suboxide samples were synthesized by heating the precursors with 
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TiO2/TiH2 = 1, 2 and 3 at 700 °C for 72 h (Figure 1a). For all the products, the main crystal phase 

was rhombohedral Ti2O3 (JCPDS#43-1033) regardless of the TiO2/TiH2 ratio. Nearly single phase 

Ti2O3 was obtained from the precursor with TiO2/TiH2 = 2, while other crystalline phases such as 

Ti4O7, Ti3O5, TiO, and metallic Ti coexisted in the products for TiO2/TiH2 = 1 and 3. 

 

 

Figure 1. XRD patterns of titanium suboxides synthesized (a) by heating precursors with different 

TiO2 /TiH2 ratios at 700 °C for 72 h and (b) by heating the precursor with TiO2 /TiH2 = 2 at 

different temperatures for 24 h (exceptionally for 30 h at 550 °C). 
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Next, influence of the temperature was investigated using the precursor with TiO2/TiH2 = 

2 (Figure 1b). Upon heating at 400 °C, intensities of the diffraction lines for TiH2 significantly 

decreased. The diffraction pattern of TiH2 disappeared at 500 °C and instead a diffraction pattern 

assignable to metallic Ti appeared. TiO2 still remained in the product at 500 °C with the diffraction 

intensities comparable to those for the precursor, but disappeared at 550 °C and concurrently, Ti2O3 

was formed as a dominant product. Namely, Ti2O3 was successfully obtained even at 550 °C by the 

present method using TiH2. As the temperature was further increased, the diffraction lines of Ti2O3 

became sharp due to crystallite growth and no other crystalline phase appeared. The samples 

synthesized at 550, 600 and 700 °C in Figure 1b are denoted as Ti2O3-TH550, Ti2O3-TH600, and 

Ti2O3-TH700, respectively. 

The changes in crystalline structures shown in Figure 1 indicated that TiH2 was 

transformed into metallic Ti with evolution of H2 at ~500 °C according to an equation (2). 

TiH2 → Ti + H2↑ ･･･ (2) 

Presumably, the metallic Ti rapidly reacted with TiO2 to form Ti2O3 at 550 °C. In separate 

experiments, we performed the reduction of TiO2 with H2 or commercial Ti powder at 600 °C 

(Figure S2). When H2 was used as a reductant instead of TiH2, no reduction of TiO2 occurred. 

When the commercial metallic Ti powder was used, TiO2 and metallic Ti remained in the product. 

Since, generally, metallic Ti is passivated by surface oxide film and removal of the film requires 

high temperature above 900 °C, the reduction of TiO2 with the commercial metallic Ti did not 

proceed at 600 °C. In fact, once the oxide film is removed at high temperature, metallic Ti reduces 
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TiO2 to give titanium suboxides immediately.28,29 From these results, it is supposed that the in-situ 

formed metallic Ti from TiH2 reacted with TiO2 according to equation (3).  

Ti + (2n-1)TiO2 → 2TinO2n-1 ･･･(3) 

For obtaining a titanium suboxide by the present method with TiH2, an excess amount of 

TiH2 over the stoichiometry in the equation (3) was needed. For example, nearly single-phase 

Ti2O3 was obtained from the precursor with TiO2/TiH2 = 2, though the stoichiometry was 

TiO2/TiH2 = 3 according to equation (3). It was probably because water, which was generated by 

the condensation of OH groups on TiO2 and was derived from adsorption water, oxidized the 

metallic Ti and consequently a part of the metallic Ti was consumed according to equation (4).  

Ti + xH2O → TiOx + xH2↑･･･(4) 

As mentioned in the introductory part, the conventional methods using metals or metal 

hydrides other than Ti or TiH2 inevitably give the metal oxides as by-products coexisting in the 

product. In contrast, because both TiO2 and TiH2 are raw materials for titanium suboxides and H2 is 

the only by-product, the present synthesis method has a great advantage over the conventional ones 

in unnecessity of post-synthesis purification and high atom efficiency. 

Compared to Ti2O3-com, Ti2O3-TH550 showed broad XRD lines with low intensity, 

suggesting that the crystallite size of Ti2O3-TH550 was much smaller than that of Ti2O3-com 

(Figure 1b). In fact, Ti2O3-TH550 had uniform spherical nanoparticles with the diameter of around 

70 nm observed by SEM (Figure 2a), while Ti2O3-com was composed of huge rocky particles with 

~100 μm in size (Figure 2b). The spherical nanoparticles of Ti2O3-TH550 were also confirmed by 
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TEM (Figure 3a). There was an ordered fringe pattern on a high magnification image for 

Ti2O3-TH550 (Figure 3b), indicating the high crystallinity. The distance between the fringes was 

0.372 nm, which was in accordance with the d(012) spacing of the rhombohedral Ti2O3 crystal 

(0.373 nm). Notably, specific surface area of Ti2O3-TH550 (21 m2 g–1) was much larger than that of 

Ti2O3-com (< 0.1 m2 g–1) due to nanoparticles (Table 1, and adsorption isotherms are shown in 

Figure S3). 

 

 

Figure 2. SEM images of (a) Ti2O3-TH550, (b) Ti2O3-com, (c) TiO2, and (d) TiH2. 

 

 

Figure 3. TEM images of Ti2O3-TH550 at (a) low and (b) high magnifications. 

 

A TG-DTA profile of Ti2O3-TH550 in air is provided in Figure 4. A slight weight loss was 

observed below 200 °C probably due to desorption of physisorbed water. Then, a significant weight 
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gain was observed in the temperature range of 200 – 800 °C. Finally, the weight became nearly 

constant at ~1000 °C. A separate experiment demonstrated that Ti2O3-TH550 was completely 

oxidized to rutile TiO2 by heating in air at 1000 °C for 1 h (Figure S4). Hence, it is reasonable that 

the weight gain of Ti2O3-TH550 in the TG profile was attributed to oxygen uptake due to the 

oxidation of Ti2O3-TH550. From the amount of oxygen uptake, we estimated the average valence 

of titanium (Titotal) for Ti2O3-TH550 to be 3.08 (Table 1), which was well consistent with that 

expected from its crystalline phase. Since there was no residual raw material nor by-product 

detectable by XRD and SEM, the average valence of ~3 for Ti2O3-TH550 undoubtedly originated 

from Ti3+ in Ti2O3 crystal. From these results, we concluded that the solid-phase reaction of TiO2 

with TiH2 achieved the synthesis of Ti2O3 nanoparticles having a high surface area. 

 

 

Figure 4. TG-DTA profile of Ti2O3-TH550 measured in air. 

 

Phase-controllable synthesis of various titanium suboxides 

 An advantage of the present synthesis method using TiH2 is to give various titanium 

suboxides other than Ti2O3 by simply changing TiO2/TiH2 ratio (Figure 5). When the precursor 
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with TiO2/TiH2 = 2.75 was heated at 600 °C for 24 h, γ-Ti3O5 (JCPDS#40-806) was predominantly 

formed with a small amount of Ti2O3. Heating the precursor with TiO2/TiH2 = 3 at 600 °C for 48 h 

gave Ti4O7, whose XRD pattern was in good agreement with the standard one (JCPDS#50-787). 

Furthermore, Ti8O15 (JCPDS#50-790) was obtained from the precursor with TiO2/TiH2 = 5 (Figure 

5, Table 1). 

 

 

Figure 5. XRD patterns of titanium suboxides of various crystal phases synthesized from 

TiO2-TiH2 mixed precursors. Synthesis conditions are shown in Table 1. Ti2O3 synthesized at 

600 °C is shown. 

 

Obviously, crystal phase in a product can be controlled by tuning the TiO2/TiH2 molar 

ratio in the precursor. Notably, these titanium suboxide materials were synthesized at 600 °C or 

lower, resulting in the formation of nanoparticles and large specific surface area about 20 m2 g–1. 

For these titanium suboxide samples, Titotal values were in good agreement with those of the main 
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crystal phases. Thus, various titanium suboxide nanoparticles with different crystal phases can be 

synthesized, indicating a wide scope of availability for the present synthesis method. 

 

Table 1. Synthesis conditions, specific surface area, and average valence of titanium of various 

titanium oxides. 

Sample 
Synthesis conditions 

SBET a /m2 g-1 Titotal 
b TiXRD 

c 
TiO2 /TiH2 Temperature /°C Time /h 

Ti2O3-TH550 2 550 30 21 3.08 3.00 

Ti2O3-TH600 2 600 24 14 3.00 3.00 

Ti2O3-TH700 2 700 24 10 2.95 3.00 

Ti2O3-com - - - ＜0.1 2.93 3.00 

γ-Ti3O5 2.75 600 24 21 3.26 3.33 

Ti4O7 3 600 48 19 3.43 3.50 

Ti8O15 5 600 72 16 3.66 3.75 

TiO2 - - - 107 4.00 4.00 

TiH2 - - - 3 2.08 2.00 

a Specific surface area calculated by BET method. b, c Average valence of total titanium estimated from TG-DTA analysis and from 

crystal phase observed in XRD, respectively. 

 

Ti species on the surface of TiO2 and Ti2O3 

 Ti2O3-TH550 and Ti2O3-TH700 were examined by XPS and compared with rutile TiO2, 

which was calcined in air at 550 °C for 5 h and is designated as TiO2-cal550 (Figure 6). All the 

spectra had two peaks of Ti 2p3/2 and 2p1/2 at 458 and 463 eV, respectively. To discuss the results 

quantitatively, the peaks of Ti 2p3/2 whose intensities were higher than those of Ti 2p1/2 were 

deconvoluted to two peaks of Ti3+ and Ti4+ at 455.5 and 457.5 eV, respectively.64,65 Integrated area 
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of the deconvoluted peaks and average valence of surface Ti (Tisurface), which is defined as (3 × peak 

area fraction of Ti3+ + 4 × peak area fraction of Ti4+), are summarized in Table 2. 

 

 

Figure 6. Ti 2p X-ray photoelectron spectra of (a) Ti2O3-TH550, (b) Ti2O3-TH700, and (c) 

TiO2-cal550. Yellow solid line, measured spectra; blue and red dotted lines, deconvoluted peaks of 

Ti3+ and Ti4+, respectively. 

 

Table 2. Abundance of surface Ti species distribution and acid properties for TiO2 and Ti2O3. 

Sample 
Surface Ti species (%) a 

Tisurface 
b Titotal c 

Acid site d 
/μmol g-1 Ti4+ Ti3+ 

Ti2O3-TH550 91 9 3.90 3.08 29 
Ti2O3-TH700 84 16 3.83 2.95 17 
TiO2-cal550 > 99 < 1 3.99 4.00 45 

a Calculated from deconvolution of Ti 2p3/2 XP spectrum. b Average valence of surface titanium estimated from Ti 2p3/2 XP spectrum. 

c Average valence of total titanium estimated from TG-DTA analysis. d Estimated from NH3-TPD. 

 

For both Ti2O3-TH550 and -TH700, the peaks of Ti 2p3/2 were composed of mainly those 

of Ti4+ and the peaks of Ti3+ were small, giving Tisurface around 3.85, though their Titotal were ~3.0. 

The higher Tisurface than Titotal suggests that Ti3+ species on the surface of Ti2O3 are labile and 
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oxidized to Ti4+ by the exposure to ambient air. The Ti 2p3/2 peak for TiO2-cal550 was 

predominantly composed of Ti4+ and thus, its Tisurface was almost 4.0. 

 

Catalytic properties of Ti2O3 and TiO2 for reaction of furfural with 2-propanol 

Catalytic properties of Ti2O3 and TiO2 were investigated in transformation of furfural with 

2-propanol (Table 3). There are two reaction pathways; one is acetalization of furfural with 

generation of water and the other is transfer hydrogenation of furfural to furfuryl alcohol with 

formation of acetone (Scheme 1). 

 

Table 3. Catalytic performance of titanium oxides and other solid acids for reaction of furfural with 

2-propanol. 

Entry Catalyst 
SBET  
/m2 g-1 

Formation rate /mmol h-1 g-1 

Acetal Alcohol 

1 Ti2O3-TH550 21 1.6 0.0 
2 Ti2O3-TH700 10 2.1 0.0 
3 Ti2O3-com  < 0.1 0.2 0.0 
4 a, b TiO2-cal550 53 0.0 0.2 
5 b Zeolite beta 602 1.8 0.0 
6 b ZrO2 76 0.0 2.5 
7 Blank - 0.0 0.0 

Reaction conditions: catalyst, 25 mg; furfural, 0.5 mmol; 2-propanol, 2.5 mL; temperature, 90 °C; time, 2 h. a Catalyst, 100 mg. b 

Catalyst was calcined in air at 550 °C for 5 h before reaction. 

 

Ti2O3-TH550 and Ti2O3-TH700 selectively promoted the acetalization of furfural and 
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gave the formation rate of 1.6 and 2.1 mmol h-1 g-1, respectively. Both of the catalysts showed one 

order of magnitude higher catalytic activity than Ti2O3-com (0.2 mmol g-1) due to the high surface 

area of Ti2O3-TH samples, which clearly demonstrated the advantage of the present synthesis 

method over the conventional one. Furthermore, Ti2O3-TH700 showed even higher catalytic 

activity than zeolite beta, which has been reported to be highly active for the acetalization of 

furfural.55 

In contrast to these Ti2O3 samples, TiO2-cal550 did not show any catalytic activity for the 

acetalization, while it selectively promoted the transfer hydrogenation of furfural at a low reaction 

rate (0.2 mmol g-1). ZrO2 selectively promoted the transfer hydrogenation of furfural as well at a 

higher reaction rate. The different product selectivities between Ti2O3 and TiO2 suggests that the 

two titanium oxides have different acid properties. 

 

Acid properties of Ti2O3 and TiO2 

 Acid properties of Ti2O3-TH550, Ti2O3-TH700, and TiO2-cal550 were examined by 

NH3-TPD (Figure S5) and the number of acid sites estimated is shown in Table 2. These three 

samples showed broad desorption peaks in the temperature range of 100 – 500 °C with almost the 

same peak top temperature (320 °C). The number of acid sites on Ti2O3-TH550, Ti2O3-TH700, and 

TiO2-cal550 were 29, 17, and 45 μmol g-1, respectively. It is known that when the number of acid 

sites with a particular strength is increased, desorption of ammonia is observed at higher 

temperature due to re-adsorption of ammonia.66 Ti2O3-TH700 with a smaller number of acid sites 
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gave a desorption peak at a temperature similar to those for Ti2O3-TH550 and TiO2-cal550. Taking 

the above point into account, it is presumable that Ti2O3-TH700 had the stronger acid sites than 

those on Ti2O3-TH550 and TiO2-cal550. It seems that Ti2O3-TH700 showed higher catalytic 

activity than Ti2O3-TH550 for the acetalization due to such stronger acid properties. 

It has been reported that zeolite beta and ZrO2 acted as Brønsted and Lewis acid sites, 

respectively and promote acetalization and transfer hydrogenation of furfural, respectively.55,62,63 As 

shown in the preceding section, Ti2O3 selectively promoted the acetalization, while TiO2 did the 

transfer hydrogenation. Thus, it is supposed that there is a difference in the types of acid sites 

between Ti2O3 and TiO2. To confirm this, we measured IR spectra of pyridine adsorbed on them.67 

However, unfortunately, no clear IR band assignable to pyridine was detected for Ti2O3, probably 

because Ti2O3 in black color absorbed incident IR almost completely, making absorption bands of 

pyridine ambiguous. 

To examine the relationship between the acid properties and product selectivities for Ti2O3 

and TiO2, the reaction of furfural with 2-propanol was conducted in the presence of pyridine and 

2,6-lutidine (Figure 7). Although the reaction tests shown in Table 3 were conducted using quite 

large amount of 2-propanol as a solvent and a reactant, the amount of 2-propanol was decreased and 

toluene was used as a solvent instead because quite a large amount of 2-propanol could interfere the 

adsorption of pyridine and 2,6-lutidine on acid sites. 

As the amount of pyridine was increased, the activity of Ti2O3-TH700 was drastically 

decreased and eventually it became inactive for the formation of the acetal (Figure 7a). TiO2-cal550 



20 
 

was also deactivated gradually for the transfer hydrogenation with increase in the amount of 

pyridine added. The addition of 2,6-lutidine more severely deactivated Ti2O3-TH700 than that of 

pyridine (Figure 7b), because 2,6-lutidine is a base stronger than pyridine.68 On the other hand, 

2,6-lutidine was less effective and hardly deactivated TiO2-cal550. Similar experiments were 

conducted using zeolite beta and ZrO2 (Figure S6). Zeolite beta was completely deactivated by the 

addition of either pyridine or 2,6-lutidine, similarly to Ti2O3-TH700. In contrast, ZrO2 was still 

highly active for the transfer hydrogenation in the presence of 2,6-lutidine, similarly to 

TiO2-cal550. 

 

 

Figure 7. Catalytic activity of Ti2O3-TH700 (blue circle) and TiO2-cal550 (red square) for 

acetalization and transfer hydrogenation of furfural, respectively in the presence of (a) pyridine or 

(b) 2,6-lutidine. 

Reaction conditions: catalyst, Ti2O3 25 mg or TiO2 100 mg; furfural, 0.5 mmol; 2-propanol, 5 

mmol; toluene, 2.5 mL; pyridine, 0 – 5 mmol or lutidine, 0 – 0.5 mmol; temperature, 90 °C; time, 3 

h. 

 

 Generally, pyridine can adsorb on both Brønsted and Lewis acid sites, while 2,6-lutidine 
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can adsorb on only Brønsted acid sites since the two methyl groups sterically hinder the nitrogen 

atom from approaching a metal center of Lewis acid site.69 Considering the same product selectivity 

as zeolite beta and the deactivation behavior by adding either pyridine or 2,6-lutidine, Ti2O3-TH700 

behaved as a catalyst with Brønsted acid sites. Meanwhile, TiO2-cal550 behaved as a Lewis acid 

catalyst likewise ZrO2. Recently, it is reported that tin oxide supported on silica reacts with 

2-propanol to form acidic OH groups, which catalytically act as Brønsted acid sites.70 Although it is 

still unclear whether Ti2O3-TH700 had Brønsted acid sites originally or formed acidic OH groups 

in situ by the reaction with 2-propanol, the different product selectivities between Ti2O3 and TiO2 is 

probably due to the difference in the types of catalytically active acid sites. 

 

Involvement of Ti3+ in catalysis for acetalization of furfural 

Ti2O3-TH700 showed a little faster rate for the formation of acetal than Ti2O3-TH550 

despite the smaller specific surface area (Table 3). In addition, TiO2-cal550, which was poor of Ti3+, 

showed no activity for the acetalization. These results indicated that Ti3+ on the surface of Ti2O3 

was involved in the formation of Brønsted acid sites to promote the acetalization and that 

Ti2O3-TH700 showed higher catalytic activity than Ti2O3-TH550 due to the higher abundance of 

Ti3+ on the surface. 

A relationship between the abundance of Ti3+ and the catalytic activity for the acetalization 

was investigated using several titanium oxide samples obtained by calcination of Ti2O3-TH700 at 

different temperatures (Figure 8). The abundance of Ti3+ on the surface of Ti2O3-TH700 was 
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steeply decreased by the calcination at 100 °C and then little by little decreased by increasing the 

temperature up to 800 °C (Figures 8a and S7). The bulk structure of Ti2O3 was still intact after the 

calcination at 200 °C (Figure S8) and Titotal was only slightly increased from 2.95 to 3.02, indicating 

that oxidation of Ti3+ occurred mainly on the surface at 200 °C or lower. However, the diffraction 

lines of rutile TiO2 appeared with the calcination at 400 °C and finally, rutile TiO2 became the 

predominant phase at 700 °C. The specific surface area of Ti2O3-TH700 did not change even after 

the calcination at 700 °C. 

 

 

Figure 8. (a) Abundance of surface Ti species and (b) catalytic activity of Ti2O3-TH700 calcined in 

air at different temperatures for acetalization of furfural. Ti2O3-TH700 was calcined in air at 100 – 

800 °C for 0.5 h. Reaction conditions were the same as those for Table 3. 

 

The catalytic activity for the acetalization was drastically decreased by the calcination at 

100 °C and then gradually decreased along with the calcination temperature (Figure 8b). The 

calcination at 700 °C or higher gave titanium oxides of mainly rutile phase, being almost inactive 
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for the acetalization. There is a clear correlation between the abundance of Ti3+ and the catalytic 

activity for the acetalization. Considering that the bulk structure and specific surface area were 

retained after the calcination up to 400 °C, it is reasonable to suppose that Ti2O3-TH700 was 

deactivated due to the oxidation of the surface Ti3+ to Ti4+. These results clearly demonstrated that 

Ti3+ on the surface of Ti2O3 was involved in the formation of Brønsted acid sites to promote the 

acetalization. 

After the calcination at 700 °C or higher, Ti3+ still slightly remained on the samples. 

However, these samples showed no activity for the acetalization, implying that not all but specific 

Ti3+ are active for the acetalization. The differences in acid strength and catalytic activity between 

Ti2O3-TH550 and Ti2O3-TH700 might be related to population distributions of active Ti3+ species 

on these samples. It is interesting to note that Ti4+ generated on the surface of Ti2O3 by the air 

exposure and the calcination showed no activity for the transfer hydrogenation of furfural. 

Therefore, it is considered that a specific Ti4+ on the surface of TiO2 is active for the transfer 

hydrogenation and that other types of inactive Ti4+ were generated on Ti2O3. 

 

Conclusions 

Magneli-phase titanium suboxide nanoparticles were synthesized through solid-phase 

reaction of TiO2 with TiH2 under vacuum. The crystal phase in a product can be controlled by 

simply tuning the TiO2/TiH2 molar ratio in a precursor and a series of titanium suboxides including 

Ti2O3, γ-Ti3O5, Ti4O7 and Ti8O15 were successfully synthesized. Ti2O3 with a particle size of ~70 
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nm was obtained by heating a mixture with TiO2/TiH2 = 2 at 550 °C for 30 h. Specific surface area 

of Ti2O3 was 21 m2 g–1, which was much larger than that of the commercial one (< 0.1 m2 g-1). 

Ti3+ species on the surface of Ti2O3 are labile and mostly oxidized to Ti4+ only by the 

exposure to ambient air. In the reaction of furfural with 2-propanol, Ti2O3 selectively promoted the 

acetalization of furfural, while TiO2 promoted the transfer hydrogenation of furfural. Ti2O3 showed 

the high catalytic activity for the acetalization, comparable to zeolite beta. Ti3+ on the surface of 

Ti2O3 formed catalytically active sites for the acetalization. 
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