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Article 
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Abstract: Crystalline phase engineering is a prominent strategy for synergistically optimizing the surface-body 

phases of a catalyst. In this work, TiO2 nanosheets assembled into nanotubes (TNSTs) with two-phases of 

anatase and rutile were firstly synthesized via crystal engineering by simple thermal annealing, and 

subsequently loaded with Ru nanoparticles to create efficient benzene hydrogenation catalyst Ru/TNSTs. The 

well- designed nanosheet-tubes structure boasts large specific surface area and excellent transmission channels, 

which effectively prevents the agglomeration and deactivation of loaded Ru nanoparticles, as well as promotes 

the internal diffusion in the reaction process of benzene hydrogenation to cyclohexene. Furthermore, titanium 

dioxide nanosheet-tubes contain numerous Ti3+ defects, which not only improves the overall generation rate of 

cyclohexene, but also enhances the suppression of cyclohexene adsorption. Most importantly, the two-phases 

of titanium dioxide increases the ratio of the electron deficiencies of Ru and promotes cyclohexene desorption. 

These synergistic properties enhance the selectivity and efficiency of the Ru/TNSTs catalysts, resulting in 

excellent performance in the hydrogenation of benzene to cyclohexene. Especially the Ru/TNSTs-4 catalyst 

achieves a 95% initial selectivity and 51% yield of cyclohexene in the reaction, outperforming most supported 

Ru-based catalysts. This work may provide new perspectives for designing efficient benzene hydrogenation 

catalysts via crystalline phase engineering. 

Keywords: TiO2 nanosheet tubes; Crystalline phases; Ti3+ defects; Electron-deficient Ru; Benzene selective 

hydrogenation 

 

1. Introduction 

Cyclohexene, featuring an active carbon-carbon double bond, is a crucial chemical intermediate. 

It can readily be adducted for the production of high-value industrial raw materials like nylon, 

cyclohexanone, and caprolactam through traditional olefinic reactions [1–3]. Selective hydrogenation 

of benzene to prepare cyclohexene is a common route for industrial synthesis, unfortunately, the 

standard Gibbs free energy change for the selective hydrogenation of benzene to produce 

cyclohexane is thermodynamically lower(Δr Gm
θ == -98 kJ mol-1) than that for the production of 

cyclohexene (ΔrGm
θ = -23 kJ mol-1) [4,5]. This suggests that the selective conversion of benzene to 

cyclohexane is thermodynamically preferred, making it an easier process, while the production of 

cyclohexene is comparatively more difficult. Therefore, in order to enhance the cyclohexene yield 

from benzene selective hydrogenation, the development of appropriate catalysts is indeed required. 

Such catalysts should be capable of modulating the relative rates of the two-step hydrogenation 

reactions, i.e., benzene to cyclohexene and cyclohexene to cyclohexane [6–8], thereby yielding more 

cyclohexene product. Currently, non-loaded RuZn catalysts are widely used in industry [9,10], but 

they have drawbacks, including a high amount of precious metal Ru and poor catalyst stability. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 December 2023                   doi:10.20944/preprints202312.0881.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202312.0881.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

Additionally, the zirconia additive, used to prevent the agglomeration of RuZn, is challenging to 

control the dispersion. Thus, there is an urgent need to develop low-cost, high-activity catalysts and 

engineer their surface properties for improved cyclohexene selectivity. 

Supported catalysts have been widely used in non-homogeneous reactions due to their 

advantages such as high dispersion, low dosage of active components, and high catalyst-substrate 

contact efficiency, as well as good economic and environmental characteristics. Among the many 

commonly used carriers for loaded catalysts, oxide carriers have been widely used because of their 

chemical stability, thermal stability, and modulation properties of acid-base properties, such as TiO2 

[11,12], SiO2 [13,14], Al2O3 [15], CeO2 [16], and ZrO2 [17]. Among these, the strong interaction between 

titanium dioxide carriers and metals can effectively regulate the dispersion of active metals [18–20]. 

This optimizes the adsorption of reactants on the catalyst surface, resulting in a catalyst with excellent 

activity and thermal stability, making TiO2 widely used in benzene hydrogenation reactions. 

To date, a number of methods for engineering titanium dioxide to improve cyclohexene 

selectivity in benzene hydrogenation reactions have been developed, which provide valuable insights 

into how to optimize the performance of catalysts by tuning the properties of TiO2, such as surface 

species tuning [21,22], polycrystalline structure manipulation [23,24], crystalline surface control 

[8,25], and morphology manipulation [26], etc. Among these, the design of titanium dioxide 

morphology and the modulation of crystal properties are deemed the most practical and effective 

approaches to enhancing catalyst performance. For example, constructing titanium dioxide into 

nanoflower spheres [8], nanosheets [27], and various other forms has been shown significantly 

enhance the activity in selective hydrogenation reaction of benzene. In a recent study, Zhou and 

colleagues have found that the initial selectivity of catalysts for benzene to cyclohexene 

hydrogenation can be notably enhanced by adjusting the anatase to rutile TiO2 molar ratio using 

crystalline phase engineering techniques [23]. However, the synergistic effect of the carrier structure 

and the phases on the benzene hydrogenation performance remains to be explored. 

In this work, unique structures with TiO2 nanosheets assembled nanotubes (TNSTs) were 

prepared using a solvothermal method, where the ratio of specific crystalline phases was modulated 

by a simple adjustment of the annealing time, and the effect of synergism between the two on the 

properties of benzene selective hydrogenation was investigated. The distinctiveness of this structure 

lies in the numerous intersecting nanosheets on the tubes, which effectively prevents the 

agglomeration and deactivation of supported Ru microcrystals caused by the collision of Ru particles, 

thus enhancing the stability of the catalysts. Furthermore, the specific crystalline phases increase the 

proportion of electron-deficient Ru. The Ti3+ deficiency introduced by the crystal phase modulation 

promotes the desorption of cyclohexene and also inhibits the absorption of cyclohexene. This dual 

action effectively enhances the net rate of cyclohexene generation. The integrating of nanostructures 

and defects of Ru/TNSTs catalysts notably amplifies the productivity of cyclohexene in the selective 

hydrogenation of benzene. This investigation may offer fresh insights into the creation of effective 

catalysts for non-homogeneous hydrogenation processes. 

2. Results and Discussion 

Figure 1a depicts the systematic process of the preparation of Ru/TNSTs catalysts. The procedure 

initiated with the synthesis of a precursor using a simple solvothermal method. Firstly, titanium oxy 

sulfate was dispersed in ethanol and formed a uniform solution. During this process, the titanium 

oxy sulfate molecules started to undergo progressive hydrolysis. The subsequent addition of glycerol 

and diethyl ether solvent further stabilized the reaction system, and glycerol could form a stable 

complex with titanium ions in titanium oxy sulfate. This interaction effectively prevented premature 

polymerization, thereby lending further stability to the reaction system. As the hydrolysis of the 

titanium oxy sulfate persisted, a condensation reaction ensued, giving birth to a Ti-O-Ti skeletal 

structure. Simultaneously, the complex formed by titanium ions and glycerol began to dissociate 

gradually, releasing titanium ions to participate in the condensation reaction. This led to the genesis 

of a larger Ti-O-Ti skeleton under hydrothermal conditions, which gradually rearranged into a 

nanotube-like structure. Following this, the pure nanotube precursor underwent high-temperature 
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calcination, ensuring the complete evaporation of moisture and organic matter. The end product was 

a nanotube carrier that exhibited a unique nanosheet assembly morphology. By fine-tuning the high-

temperature annealing duration, the crystalline phase and structure of the TiO2 carrier could be 

adjusted. The final step involved the integration of the active metal ruthenium through the 

incorporation chemical reduction method to create the desired Ru/TNSTs-t (t= annealing time of 2, 4, 

and 6 hours) catalysts. 

 

Figure 1. Schematic diagram of the synthesis process of Ru/TNSTs catalyst (a); SEM images of 

Ru/TNSTs-2 (b, e), Ru/TNSTs-4 (c, f), and Ru/TNSTs-6 (d, g) catalysts. 

The morphology of the synthesized TNSTs-t carrier and the Ru/TNSTs-t catalysts was analyzed 

using scanning electron microscopy (SEM) as shown in Figure S1 and Figure 1b-g. It can be observed 

that the materials' morphology remains largely unchanged before and after loading. All Ru/TNSTs-t 

catalyst samples show nanotube structures. Specifically, the surfaces of Ru/TNSTs-2 and Ru/TNSTs-

4 catalyst nanotubes feature a tightly arranged overlay of crisscrossing nanosheets. These 2D 

nanosheets were assembled into tubular structures, thus avoiding disordered distribution and 

overlapping of nanosheets. This architecture guarantees a uniform distribution of the active metal Ru 

on the nanosheets. It aids in protecting the Ru microcrystals from deactivation caused by the collision 

of loaded Ru nanoparticles throughout the reaction process, thereby enhancing the catalyst's stability. 

It is noteworthy that when the annealing process extended to 6 h, the uniform nanoparticles instead 

of nanosheets have appeared on the nanotube surface of the Ru/TNSTs-6 catalysts, as shown in Figure 

1g. This may be due to the fact that the crystalline morphology of titanium dioxide changes from 

anatase to a more stable rutile type as the annealing time increases. During this process, collapse and 

aggregation of nanosheets has occurred. 
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To thoroughly examine the microstructure of the catalysts, the transmission electron microscopy 

(TEM) technique was utilized to precisely characterize the synthesized Ru/TNSTs-t. Figure S2 

exhibits the detailed tubular configurations of the Ru/TNSTs-2 and Ru/TNSTs-6 catalysts, which 

correspond closely with the SEM-derived observations. In particular, representative Ru/TNSTs-4 

sample exhibits well-designed nanosheet-tubes structure, as shown in Figure 2a, b. As revealed in 

Figure 2c, ruthenium nanoparticles are uniformly dispersed across the nanosheets, indicating the 

successful synthesis of the Ru/TNSTs material. Figure 2d presents an image captured by high-

resolution transmission electron microscopy (HRTEM) of Ru/TNSTs-4, revealing the crystalline 

lattice structure of the material. A clear lattice spacing of 0.21 nm aligns with the (101) crystalline 

plane of ruthenium could be found. This finding indicates that the deposited ruthenium 

nanoparticles (Ru NPs marked by yellow circles) are of a crystalline nature. Moreover, HRTEM in 

Figure 2d shows lattice spacings of 0.32 nm and 0.35 nm, which could be attributed to the (110) crystal 

plane of rutile titanium dioxide and the (101) crystal plane of anatase titanium dioxide, respectively. 

Meanwhile, the (111) crystal plane of rutile was also observed as shown in Figure 2e, from which it 

can be seen that there are many adjacent interfaces between the rutile and anatase phases (indicated 

by blue dashed lines) and that many crystalline rutheniums have been deposited at the junctions. 

Detailed observation of the crystalline phase junctions in Figure 2d reveals numerous dislocations 

and distortions (marked by red circles), suggesting the formation of a defect-rich Ru/TNSTs-4 

structure. The STEM-EDS elemental mapping (Figure 2f-i) confirms the existence of elements O, Ti, 

and Ru, along with their relatively uniform distribution throughout the nanotube structure, affirming 

the excellent dispersion of ruthenium. 
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Figure 2. (a, b, c) TEM images of Ru/TNSTs-4; (d, e) HRTEM images of the rectangular area; and (f-i) 

EDX spectra of the as-synthesized Ru/TNSTs-4 catalyst. 

The crystalline phase evolution of the nanotube carriers was further explored by X-ray 

diffraction (XRD) as shown in Figure 3A and Figure S3. Comparison reveals that the crystalline phase 

and crystallinity of the samples before and after loading do not change significantly. Further analysis 

of Figure 3A reveals that the crystal structure of the prepared TiO2 carrier changes significantly with 

the adjustment of annealing time. The Ru/TNSTs-4 sample exhibits an optimal balance between the 

anatase phase (JCPDS 21-1272) and rutile phase (JCPDS 21-1276), where the anatase phase prevails 

as the primary phase in the Ru/TNSTs-2 sample with reduced annealing duration. On the contrary, 

with prolonged annealing time, the anatase phase significantly diminishes, while the rutile phase 

emerges as the predominant phase in the Ru/TNSTs-6 sample. This implies that the phase begins to 

shift from anatase to rutile as the annealing time increases, suggesting that the ratio of crystalline 

phases in the catalyst carrier could be adjusted by changing the annealing time. These results are in 

agreement with the morphology evolution, further revealing the formation process of the material. 

To confirm the presence of Ru, fine XRD investigation was carried out, as shown in Figure S4. It could 

be found that even with a theoretical incorporation of ruthenium reaching 10 wt%, the anticipated 

prominent diffraction peak of ruthenium (Ru) (101) at 44.0° is not discernible. This may be attributed 

to the small ruthenium particle sizes and high degree of dispersion [28]. Nitrogen adsorption-

desorption assays were conducted to assess the catalyst samples' surface area and pore size 
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distribution. As Figure 3B demonstrates, all samples show characteristic type IV isotherms and H3 

hysteresis loops, indicative of mesoporous structures [29]. Observations indicate a relatively uniform 

pore size distribution in the samples (Figure 3C), particularly for Ru/TNSTs-4, which demonstrates a 

complex pore structure combining microporous and mesoporous characteristics. The BET surface 

areas of the samples are relatively consistent, varying from 20 to 39 m2/g (Table S1). Among these 

samples, the Ru/TNSTs-4 sample boasts the largest specific surface area and an optimal pore size; 

this structure facilitates enhanced diffusion of reactants and products, potentially leading to 

improved catalytic efficiency in reactions. 

 

Figure 3. X-ray Diffraction Patterns (A), Nitrogen Adsorption-Desorption Isotherms (B), Pore Size 

Distribution (C), and Electron Paramagnetic Resonance Spectra (D) for Ru/TNSTs-2 (a), Ru/TNSTs-4 

(b), and Ru/TNSTs-6 (c) catalysts. 

Given the high sensitivity of electron paramagnetic resonance (EPR) for identifying 

paramagnetic centers with unpaired electrons, this technique was utilized to investigate the 

occurrence of oxygen vacancy (OV) and Ti3+ defects in the Ru/TNSTs-t catalysts. As illustrated in 

Figure 3D, no conspicuous EPR signals are identified in the range of g= 1.94-1.99 for Ti3+ [30]. 

Nonetheless, a pronounced signal peak is discernible at g = 2.004, this peak stems from the oxygen-

negative (O-) species generated by the adsorption of Ti3+ on the surface to dissociate the O2 in the air, 

thereby corroborating the existence of Ti3+ and oxygen vacancies in all three materials [27,31,32]. Since 

there is a proportional relationship between signal intensity and Ti3+ defect content [33], and the 

Ru/TNSTs-4 and Ru/TNSTs-6 catalysts have more Ti3+ defect content, it is reasonable to propose that 

the duration of annealing plays a role in the formation of Ti3+ defects.  

To probe deeper into the chemical state and Ti3+ deficiency in the synthesized Ru/TNSTs-t 

catalysts, X-ray photoelectron spectroscopy (XPS) analysis was conducted. Figure 4A shows the full 

spectrum of Ru/TNSTs-t. Signals of Ru, Ti, elemental O, and trace contaminant C can be seen, but 

there is no signal of Cl-, which suggests that Cl- has been completely removed during the preparation 
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process. Figure 4B shows the three-dimensional spectrum of Ru with peaks in the ranges of 280.3 ~ 

280.5 eV and 281.9 ~ 282.1 eV attributed to the electron-deficient Ruδ+ in metal Ru0 and Ru 3d5/2 

[34,35]. Table S2 summarizes the corresponding binding energies (BE) in the Ru 3d5/2 region of the 

catalyst, indicating that the Ru NPs are in the metallic state with a certain amount of electron-deficient 

Ruδ+ [36], which originated from the Ru-O linkages connecting the Ru NPs with the rutile/anatase 

junction [24]. Figure 4C presents the Ti 2p spectra for the Ru/TNSTs-t catalysts, predominantly 

featuring two components. The low-energy Ti 2p3/2 peaks are discerned at BE of 458.8 eV and 457.3 

eV, corresponding to the oxidation states of Ti4+ and Ti3+ [34,37]. Titanium mainly exists in the Ti4+ 

state, while the detection of a Ti3+ state aligns with the observations reported in EPR studies. Figure 

4D exhibits the O 1s XPS spectra of the catalysts, and peaks near 530.0, 531.8, and 533.5 eV are 

attributed to lattice oxygen (OL), oxygen vacancies (OV), and adsorbed water (H2O) [21,34,38]. In 

conclusion, both EPR and XPS indicate the presence of a small amount of electron-deficient Ruδ+, as 

well as partially Ti3+ and OV on the Ru/TNSTs-t catalyst. In addition, when the annealing time of 

TNSTs-t extends from 2 to 6 hours, the defect content changes to some extent, indicating that the 

calcination time affects the defect content to some extent by influencing the crystalline phase changes. 

 

Figure 4. Full XPS spectra (A), Ru 3d XPS spectra (B), Ti 2p XPS spectra (C), and O 1s core-level spectra 

(D) of the as-synthesized Ru/TNSTs-2 (a), Ru/TNSTs-4 (b), and Ru/TNSTs-6 (c) catalysts. 

The evaluation of the catalytic performance of the three prepared catalysts was conducted 

through the selective hydrogenation reaction of benzene, which resulted in the exclusive detection of 

cyclohexene and cyclohexane as products. In Figure 5A-C, the trends of content variances for 

cyclohexane, benzene, and cyclohexene with reaction time are exhibited for three nanocomposite 

catalysts in the selective hydrogenation reaction of benzene. Specifically, the content of benzene 

exhibits a declining trend throughout the reaction, the cyclohexane content escalates monotonically, 

and the cyclohexene content presents a parabolic trend. It is evident that the Ru/TNSTs-2 and 

Ru/TNSTs-4 catalysts exhibit superior catalytic activity. This enhanced performance is ascribed to 
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their distinctive nanosheet-assembled nanotube architecture, which allows for the ample dispersion 

of Ru on the nanosheets. The abundance of intersecting nanosheets forestalls the deactivation of Ru 

microcrystals (deactivation may be due to agglomeration caused by collision between the loaded Ru 

particles), which ensures the stability of the catalysts, and thus the catalyst continues to function and 

maintains excellent activity during the reaction process. This is further confirmed by the fact that the 

catalyst maintains its intact morphology as can be seen from the scanned image of the Ru/TNSTs-4 

catalyst after the reaction shown in Figure S5. Further studies showed that the selectivity of 

cyclohexene decreases with the increase of benzene conversion (Figure 5D), which implied that the 

content of cyclohexene reached the maximum value at a specific moment 't', in line with the 

characteristics of the successive reaction. Correspondingly, Figure 5E demonstrates a pronounced 

linear association between the selectivity for C6H10 and time 't'. The initial selectivity, denoted as S0, 

was deduced by identifying the intercept on the selectivity-time trajectory. As shown in Table S3, the 

correlation between annealing time and S0 shows an interesting "volcano" type trend. This is because 

the crystalline phase of the catalyst changes as the annealing time increases. The Ru/TNSTs-4 catalyst 

exhibits a suitable anatase/rutile ratio, where the electron-deficient Ruδ+ formed at the anatase/rutile 

junction can reduce the adsorption strength of cyclohexene and enhance the rapid desorption of 

cyclohexene [23,39], leading to a marked enhancement in the catalyst's selectivity. Consequently, an 

optimal initial selectivity of 95% coupled with a peak cyclohexene yield of 51% was realized for the 

Ru/TNSTs-4 catalysts, superior to most of the TiO2-loaded Ru catalysts reported to date (Table S3). 

This suggests that Ru/TNSTs-4 can be used as an efficient catalyst for the selective hydrogenation of 

benzene. 

  

Figure 5. Plots of the process of selective hydrogenation of benzene (A, B, C), cyclohexene selectivity 

versus benzene conversion (D), cyclohexene selectivity and reaction time (E)，natural logarithm of 

benzene concentration versus reaction time (F), cyclohexane concentration versus reaction time (G), 

rate constants for hydrogenation of benzene to cyclohexene (k1) , hydrogenation of cyclohexene to 

cyclohexane (k2), the ratio of k1: k2 (H), and cyclohexene selectivity mechanism diagrams (I) of the 

synthesized Ru/ TNSTs-2 (a), Ru/TNSTs-4 (b), and Ru/TNSTs-6 (c) catalysts. 
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Evaluation of the catalytic performance of the reaction showed that varying the annealing time 

improved the selectivity of cyclohexene to a greater extent. Based on the above issues, the kinetic 

process of the reaction of benzene hydrogenation was further investigated. Generally, the selectivity 

of cyclohexene, the product of selective benzene hydrogenation, hinges on the relative size of k1/k2. 

When the ratio of k1/k2 is larger, the selectivity of cyclohexene tends to be higher. Based on these 

considerations, in conjunction with the performance data of the catalyst, relationship curves were 

obtained through kinetic fitting. Figure 5F depicts the correlation between the natural logarithm of 

benzene concentration and the duration of the reaction, while Figure 5G demonstrates the 

relationship between the concentration of cyclohexene and reaction time. Both exhibit a significant 

linear relationship, affirming that the hydrogenation of benzene to cyclohexene aligns with the first-

order reaction kinetics under these reaction conditions. Concurrently, the hydrogenation of 

cyclohexene to cyclohexane obeys zero-order reaction kinetics [40,41]. The origin of selectivity was 

further probed by determining the rate constants k1 and k2 for both steps of benzene hydrogenation 

as well as cyclohexene hydrogenation. These data were based on the slopes of the above curves. The 

results show that k1 tends to decrease with increasing annealing time (Figure 5H). However, k2 shows 

a tendency to decrease and then increase, and the k1/k2 value reaches its maximum at annealing time 

of 4 hours. This pattern reflects the trend in cyclohexene selectivity and elucidates the cause of the 

peak performance of the Ru/TNSTs-4 catalyst in generating cyclohexene yields. 

First-principle computations revealed that the activation potential barrier of benzene is 0.8 eV 

higher than that of cyclohexene [39,42]. This implies that cyclohexene is more susceptible to further 

deep hydrogenation by hydrogenation reaction on the Ru surface compared to benzene. This further 

suggests that the selectivity of cyclohexene can be improved if the rapid desorption of cyclohexene 

can be promoted. Moreover, Ti3+ can enhance the inhibition of cyclohexene adsorption and boost the 

net generation rate of cyclohexene [30]. XPS analysis results corroborate the presence of Ti3+ defects 

on the Ru/TNSTs-4 nanocomposite catalysts (Figure 5I), indicating another potential reason for its 

heightened selectivity. 

3. Experimental section 

3.1. Synthesis of TiO2 nanosheets assembled nanotubes (TNSTs) 

Nanotube precursors were prepared using a simple solvothermal and crystallisation process. 

The preparation of titanium oxide nanotubes was carried out following an enhanced method 

previously reported [43]. Typically, in a standard procedure, 1 g TiOSO4XH2SO4yH2O was 

uniformly dispersed in 20 mL of ethanol, yielding a white solution that was stirred for 2 hours. 

Subsequently, 10 mL of glycerol and 10 mL of diethyl ether were added to the solution, with stirring 

being continued for an additional 10 hours. The mixture obtained was then moved into a 100 mL 

Teflon-coated stainless steel (TSS) autoclave and kept at a temperature of 165℃ for a duration of 8 

hours. The product was then centrifuged and washed three times with ethanol to yield a white 

precipitate. Once dried under vacuum conditions for an entire night, the final specimens were 

subjected to annealing at a temperature of 600°C for periods of 2, 4, and 6 hours respectively. The 

resulting TiO2 nanosheets assembled into nanotubes were labelled as TNSTs-t (t= annealing time). 

3.2. Preparation of TNSTs supported Ru catalysts  

0.5 g of the synthesized TNSTs was dispersed in 30 mL H2O. Subsequently, 2.5 mL of aqueous 

RuCl3·3H2O (0.2 mol L-1) was added dropwise, and the mixture was stirred for 1 hour. Subsequently, 

2.5 mL of an aqueous NaBH4 solution (0.8 mol L-1) was introduced, followed by continuous stirring 

for one more hour. The resulting precipitate was then washed via centrifugation until chloride ions 

were completely removed and finally dried under vacuum to yield the Ru/TNSTs-t catalyst. 

3.3. Catalytic testing 

Performance testing of the liquid-phase benzene selective hydrogenation catalyst was 

undertaken in a 0.25 L high-temperature and high-pressure reactor from the YZPR series of Yanzheng 
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Instrument Company. Initially, 0.5 g Ru/TNSTs catalyst, 60 mL H2O and 12 g ZnSO47H2O were 

introduced into the kettle. Among many additives [9,44,45], ZnSO47H2O was widely recognized as 

the best additive to enhance the selectivity of cyclohexene effectively [5,46]. Subsequently 30 mL of 

benzene was added to the storage tank. The reactor and storage tank underwent a purging process 

with hydrogen for five times, then the temperature was gradually elevated at 5 °C / min. Once the 

temperature hit 140 °C, the hydrogen pressure was adjusted to 4.0 MPa and the stirring rate was 

established at 800 revolutions per minute, after which the system was subjected to a pre-treatment 

phase lasting 4 hours. Subsequently, 30 mL of benzene was introduced from the storage tank, the 

timer was initiated, and the hydrogen pressure was adjusted to 5.0 MPa. Sample extracts were taken 

every 5 minutes, and the oil phase was analyzed for cyclohexene, cyclohexane, and benzene content 

using a gas chromatograph. By applying the area-corrected normalization method, the product 

concentration was determined, from which the corresponding conversion and cyclohexene selectivity 

were derived. 

3.4. Instrumentation and characterization 

The crystalline phase of all samples was determined using a D/Max-2500/PC X-ray 

diffractometer with Cu Ka radiation (λ=1.5418 Å). The measurements were taken over an angle (2θ) 
range of 5 to 80° at a scanning rate of 8°/min. N2 adsorption-desorption experiments were conducted 

on a Micromeritics ASAP 2020 instrument. The specific surface area and pore size distribution were 

calculated using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, 

respectively. The structural details and surface morphology of the samples were explored using a 

suite of imaging technologies. FESEM (Zeiss SUPRA 55) and HRSEM (SU8200) provided insights into 

the fine surface features. Internal structures were examined through TEM (Hitachi-7700) and detailed 

lattice arrangement arrangements via HRTEM (FEI TALOS F200). For advanced characterization, 

HAADF-STEM and EDS analyses were conducted to delve into the elemental composition and 

further structural information of the samples. EPR spectra were recorded at room temperature after 

exposing the sample to UV light for 15 minutes (λ = 355 nm from an Nd: YAG laser), utilizing a Bruker 
E500 spectrometer for the measurements. To assess the chemical states, XPS analyses were carried 

out with an ESCALAB MK II system, which features a monochromatic Al-Kα X-ray source. The usual 

calibration using the adventitious C 1s peak at 284.8 eV was not feasible due to overlap with Ru 3d3/2 

signals. Therefore, calibration of binding energy (BE) was instead referenced to the Ti 2p3/2 peak of 

TiO2 at a BE of 458.8 eV to ensure accuracy. 

4. Conclusions 

This work presents the successful development of a ruthenium catalyst anchored on titanium 

dioxide nanosheet-tubes, which exhibits superior selectivity and efficiency in the hydrogenation of 

benzene to cyclohexene. Detailed characterization results showed that the phases of TiO2 carriers 

could be adjusted with the annealing time, and the optimal catalyst performance was confirmed as 4 

hours. By employing this refined Ru/TNSTs-4 catalyst, we achieved a high initial selectivity of 95%. 

The experimental results demonstrate that the electron deficiency of ruthenium plays an important 

role in enhancing the selectivity of the catalyst, primarily by promoting the more effective desorption 

of cyclohexene. Simultaneously, the presence of Ti3+ impeded further adsorption of cyclohexene, 

hence restricted its deep hydrogenation, which in turn maximized selectivity. In addition, the unique 

morphology of the nanotubes ensured the stability of the catalyst and enhances its activity. Overall, 

through the effective design of crystalline phase engineering, we conducted a thorough exploration 

of the effects of valence states of metal-based catalysts and defect-induced alterations in benzene 

adsorption and cyclohexene desorption. As a result, the catalytic performance was significantly 

improved, and a promising approach has been developed for the fabrication of efficient metal-

support catalysts. 
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images of TNSTs-4 after reaction; Table S1: Structure parameters of various samples; Table S2: The binding 
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