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Abstract 

The discovery of metal-free elemental cocatalysts has spurred dramatic advances in 

the field of photocatalysis. Bandgap engineering has always been used as an effective 

approach to make these cocatalysts form favorable band alignment with 

photocatalysts. Here, we develop metal-free tellurene (Te) with largely tunable 

bandgap as a highly efficient cocatalyst and investigate its thickness-dependent 

catalytic activity. Our experimental and theoretical studies reveal that the increased 

reduction potential of conduction band (CB) together with the decreased thickness, 

abundant active sites and high charge mobility of tellurene, as well as the strong 

electronic coupling effects between tellurene and metal sulfides enable the enhanced 

photocatalytic hydrogen evolution rate and high quantum efficiency of 11.4% under 

the light illumination with the wavelength of 420 nm. This work enriches our 

understanding of the structure-activity correlations for tellurene and opens a path for 

solar energy harvesting from artificial photosynthesis by robust and cost-effective 

photocatalysts. 

Keywords: Tellurene; tunable bandgap; metal-free cocatalysts; photocatalytic 

hydrogen evolution. 
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1. Introduction 

Photocatalytic conversion of solar energy to fuels and chemicals is an attractive 

prospect for the storage of renewable energy, while the relatively low energy 

conversion efficiency remains the greatest challenge in developing this technology on 

a large scale.[1-4] In principle, there are three key steps during photocatalytic process: 

the generation of electron-hole pairs upon solar-light irradiation, their subsequent 

separation and immigration, and their participation in surface redox reactions.[5, 6] To 

achieve highly efficient photocatalytic conversion, the most critical factor is to 

suppress recombination of photogenerated electron-hole pairs. It is highly demanded 

to accelerate electron transfer kinetics for electron-evolved photocatalytic hydrogen 

evolution reaction, which is achieved by the introduction of cocatalysts.[7-9] The 

presence of cocatalyts can promote separation and transfer of electron–hole pairs, and 

improve catalytic activity for photocatalytic water reduction.[10, 11] To date, most 

cocatalysts are based on transition metal, especially for noble metal Pt, which suffers 

from high cost and scarcity.[12-15] In this context, it is highly desirable to develop 

new metal-free cocatalyst that can rapidly transfer photogenerated electron, which 

still remains a huge challenge. 

Over the past decade, substantial works have uncovered that a good cocatalysts 

should have these basic features: 1) modulated band gap providing potential to form 

favorable band alignment with photocatalysts;[16-18] 2) high carrier mobility to 
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transfer photogenerated charges;[19, 20] 3) large surface area enabling abundant 

active site involved in the catalytic reaction.[21, 22] 4) strong oxidation resistance 

when exposed to the air.[23, 24] Based on these principles, two-dimensional (2D) 

elementary materials including graphene[24, 25] and black phosphorene,[26, 27] have 

been investigated as metal-free cocatalysts owing to their intriguing properties of high 

carrier mobility, large surface area, and strong optical absorption. Distinct from their 

bulk counterparts, 2D materials possess exotic electronic and photonic properties, 

especially large photoreactive contact and thickness-dependent band gap, providing 

them great possibilities to form favorable band structure with photocatalysts. However, 

these 2D materials as cocatalysts do not possess all desirable optoelectronic properties 

required in photocatalysis. For instance, graphene is semimetallic with zero band 

gap.[28] Black phosphorene has a layer-dependent band gap from 0.3 to 2.0 eV and 

high carrier mobility, but it suffers from instability in air and water.[29-31] As a 

representative of Group 16, tellurene is a 2D elementary material and considered as a 

promising candidate for various applications in field-effect transistors,[32] 

photodetectors,[33] chemical sensor,[34] and solar cells.[35] Recent works have 

revealed the thickness-dependent band gap from 0.33 eV (bulk) to 0.92 eV 

(monolayer),[36-38] which enables its potential application in photocatalysis as 

cocatalyst. Moreover, it is noted that tellurene is resistive to oxygen molecules with 

air-stable performance at room temperature.[32] Based on these considerations, it is 
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expected to employ tellurene as a metal-free cocatalyst to achieve highly efficient 

photocatalytic H2 production. 

In this work, we perform theoretical investigations on the band structure of 

tellurene by density functional theory (DFT) calculations and verify the possibility of 

tellurene as a reduction cocatalyst. We synthesize tellurene (Te) nanosheets as a 

metal-free cocatalyst and investigate their thickness-dependent activity by combining 

with cadmium sulfide (CdS) photocatalyst. By depositing 1.0% Te nanosheets with 

thickness of 2-5 nm on the surface of CdS (Te/CdS), the resulting catalytic system 

exhibits an optimal photocatalytic hydrogen production rate of 234.4 μmol h-1 that 

exhibits 7.8 times improvement in comparison with bare CdS (30.2 μmol h-1). The 

improved hydrogen evolution activity is attributed to the strong chemical correlation 

between CdS and Te, and electron-extracting capacity of Te cocatalyst, which is 

evidenced by ultrafast transient absorption (TA) spectra. 

2. Experimental section 

2.1 Preparation of tellurene nanosheets 

 Typically, 100 mg bulk Te powders were added into 100 mL isopropanol (IPA). 

Then, the Te/IPA slurry was subjected to a bath sonication to generate tellurene 

nanosheets with different thickness. The power, time, and temperature of bath 

sonication are 500 W, 24 h, and 5 oC, respectively. The suspension was first 

centrifuged at 500 rpm (28 xg) for 10 min to remove non-exfoliation bulk Te and the 
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suspension was reserved for further treatment. To obtain tellurene nanosheets with 

different thicknesses (30-50 nm, 10-20 nm, and 2-5 nm), the centrifugation strategy 

was employed. The detailed centrifugation strategy is shown in Supplementary data.  

2.2 Preparation of Te/CdS 

The CdS microspheres are prepared by one-step hydrothermal method (See the 

detailed procedures in Supplementary data). Te/CdS composites were fabricated by a 

one-step method. Typically, 100 mg CdS nanoparticles were dispersed into 100 mL 

IPA solution under bath sonication. After sonication for 30 min, 1 mL of Te 

dispersion was added into the above suspension. After 2 h sonication treatment (the 

temperature should be lower than 5 oC), the mixture was further stirred for 12 h. The 

samples were collected by high-speed centrifugation, wash with ethanol, and 

freeze-dried. Through adjusting the addition volume of Te dispersion, Te/CdS with 

different Te loading amount (0.5 wt.%, 2 wt.%, 5 wt.%, 10 wt.%) were prepared. The 

synthetic methods of MoS2/CdS and Pt/CdS are shown in Supplementary data. 

2.3. Characterization Methods  

X-ray diffraction (XRD) patterns of all samples were collected in the range 5-80° 

(2θ) using a RigakuD/MAX ⅢA diffract meter (Cu K radiation, λ =1.5418 Å), 

operated at 40 kV and 100 mA. The morphologies were characterized by transmission 

electron microscopy (TEM, JEM2011) and field emission scanning electron 
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microscopy (FESEM, JEOL 6700). The composition of all the samples was 

characterized by energy dispersive X-ray (EDX) attached to the high resolution 

transmission electron microscopy (HRTEM). High angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) image and elemental mapping 

were collected using a TEM (JEOL, JEM-2100F) equipped with EDX spectroscopy. 

The instrument employed for XPS studies was a Perkin-Elmer PHI 5000C ESCA 

system with Al Kα radiation operated at 250 W. The shift of the binding energy due to 

relative surface charging was corrected using the C1s level at 284.4 eV as an internal 

standard. Photo/electrochemical measurements were performed on a standard three 

electrode cell with a working electrode, a Pt wire as the counter electrode, and a 

saturated calomel electrode as the reference electrode in dark on an electrochemical 

workstation (Zahner, Zennium). The working electrode was prepared through a clean 

fluoride-tin oxide (FTO) deposited with a sample film. The aqueous solution of 0.5 M 

Na2SO4 purged with nitrogen gas was used as the electrolyte. Linear sweep 

voltammetry (LSV) curves were recorded in a lactic acid solution at a scan rate of 5 

mV s−1 to obtain the polarization curves. Inductively coupled 

plasma-massspectrometry (ICP-MS, Agilent 7700x, USA) was employed to 

determine the compositions of the samples. The test details of Femtosecond-resolved 

transient absorption (TA) measurements are shown in Supplementary data. 

2.4. Pt selective deposition  
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100 mg 1 wt.% Te/CdS was added into 100 mL aqueous solution containing 5% 

lactic acid, and then a certain amount of H2PtCl6 solution was added into the above 

suspension under ultrasound. The suspension was irradiated under a 300 W Xe lamp 

equipped with a UV-cutoff filter (λ≥420 nm). After 15 min photoreduction, the 

sample was collected by centrifuging, washed with ethanol and DI water three times. 

2.5. Photocatalytic measurements 

The photocatalytic hydrogen evolution experiments were conducted on an online 

photocatalytic hydrogen evolution system at ambient temperature (5 oC) under a 300 

W Xe lamp irradiation equipped with an AM 1.5 solar simulator. 20 mg of catalyst 

was dispersed 100 mL of aqueous solution containing 5 mL lactic acid as sacrificial 

reagents under ultrasonic treatment, and subsequently the suspension was vacuumized 

for 1 h. Hydrogen evolution was analyzed by an online gas chromatograph (TCD, 

nitrogen as a carrier gas and 5 Å molecular sieve column). Once the photocatalytic 

reaction of a cycle test of 150 min was completed, the reactor was replenished with 3 

mL lactic acid and degassed in vacuum before starting the subsequent cycle. The 

determination of the quantum efficiency (QE) for hydrogen evolution was performed 

by using a 300 W Xe lamp equipped with λ±20 nm band-pass filter. The average 

intensity of irradiation was determined by a light intensity meter and the irradiation 

area was 37.9 cm2. The number of incident photons (N) was calculated by equation 

(1). The quantum efficiency is calculated from equation (2). 
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                                    𝑁𝑁 =
Eλ
hc

                                                          (1) 

𝑄𝑄𝑄𝑄 =   
2 ∗ the number of the  evolved H2 molecules

The number of incident photons
              (2) 

2.6. Computational details 

The spin-polarized first-principles calculations based on the Density Functional 

Theory (DFT) were performed using the Vienna Ab initio Simulation Package 

(VASP)[39-41] to investigate the hydrogen evolution reaction (HER) performance on 

the CdS (0001) surface, free-standing and CdS-supporting 1T-MoS2-like Te 

monolayer.[42] The Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional[43] within the generalized gradient approximation (GGA) was employed to 

describe the exchange-correlation energy. The projector-augmented-wave (PAW)[44] 

method was adopted for the pseudopotentials. The energy cutoff for the plane wave 

basis expansion was set to 450 eV. The models were constructed with 2×2 supercells 

and the 15 Å vacuum layer added in the z directions to avoid the interactions between 

the atom layers and their mirror images. The atom positions were fully optimized with 

the force on each atom of 0.02 eV/Å for convergence criterion. The sampling in the 

Brillouin zone was set with 3×3×1 by the Monkhorst-Pack method.[45] The Gibbs 

free energy was calculated by △GH=Etot-Esub-1/2EH2+0.24, where Etot, Esub and EH2 

are the energy of the hydrogen adsorbed configuration, the energy of the catalyst and 

the energy of H2 molecule, 0.24 eV represents the term of △EZPE-T△S10, 

respectively. Three nonequivalent positions above the free-stranding and 

CdS-supporting Te monolayer, as well as the sites above the outmost S atom at the 
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top side and below the lowest Cd atom at the bottom side of the bare CdS (0001) 

surface were considered for hydrogen adsorption. 

3. Results and discussion 

3.1. Theoretical and experimental investigations of the possibility of Te as a cocatalyst 

To explore the possibility of Te as a cocatalyst, we first conducted theoretical 

investigations based on DFT calculations. Figure S1 shows the constructed crystal 

structures of bulk Te, quad-, tri-, bi- and mono-layer Te. With reduced thickness from 

bulk to quad-, tri-, bi- and mono-layer, the corresponding band gaps substantially 

increase from 0.182 to 0.622, 0.789, 1.040, and 1.280 eV (Figure S2), respectively. 

With the reduction of the layer number of Te, the bandgap increases due to the 

quantum confinement effect, which offers opportunities to form favorable band 

alignment with photocatalysts. Besides, the reduced thickness endows Te nanosheets 

with large surface area and more exposed active sites, which contributes to strong 

chemical coupling with semiconductor photocatalysts. Moreover, compared with its 

bulk counterparts, 2D Te shows the upward shift of conduction band (CB) position 

(Figure S2), thereby giving rise to the improved reduction potential of photogenerated 

electrons injected from semiconductor photocatalysts. 

To further verify the thickness-dependent properties experimentally, we synthesized 

three Te nanosheets with different thicknesses of 2-5 nm (Figure 1a-1e), 10-20 nm 

(Figure S3), and 30-50 nm (Figure S4) by a one-step liquid exfoliation followed by 
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high-speed centrifugation, which is confirmed by transmission electron microscopy 

(TEM), atomic force microscope (AFM), and X-ray diffraction (XRD) patterns. It 

should be noted that two extra XRD peaks at 2θ of 26o and 30o are indexed to TeO2, 

indicating a small portion of Te is oxidized into TeO2, which accords with the 

previous reports.[33] From ultraviolet visible diffuse reflectance spectra 

((UV-Vis-DRS) and valence-band-XPS (VB-XPS) spectra (Figure S5), it can be 

observed that both of the band gap and CB energy increase with the decreased 

thickness (Table S1), in good agreement with the DFT calculation results. 

3.2. Catalysts morphology and chemical environment characterizations 

By combining experimental and theoretical investigations, we verify that Te can be 

expected as high-performance cocatalyst combined with photocatalysts. To investigate 

thickness-dependent cocatalytic activity, Te nanosheets with different thicknesses 

were used as cocatalysts to couple with CdS microsphere photocatalysts (Figure S6) 

through a facile one-step deposition. As the thickness of Te nanosheets decreases, a 

rapid enhancement in photocatalytic hydrogen evolution rates was observed (Figure 

1f), unveiling the thickness-dependent cocatalytic activity of Te for hydrogen 

evolution. Owing to the highest cocatalytic activity of Te nanosheets with the 

thickness of 2-5 nm, the investigations on structure-activity correlations of Te/CdS are 

highly essential. The morphology and chemical composition of Te/CdS with 1 wt.% 

Te loading were firstly studied by TEM observations. As shown in Figure 2a,b, Te 
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nanosheets were attached on the surface of CdS microsphere to form a hybrid Te/CdS 

structure. More close TEM observation (Figure S7) shows the Te nanosheets keep 

ultrathin structure after compositing with CdS. Moreover, no obvious agglomeration 

for Te nanosheets can be seen after increasing or decreasing of Te depositing amount 

on CdS (Figure S8). The high resolution TEM (HRTEM) image (Figure 2c) shows an 

obvious boundary between CdS and Te, and two sets of lattice fringe spacings of 

0.316 and 0.221 nm, corresponding to the (101) plane of CdS and (110) plane of Te, 

respectively. The element mapping image (Figure 2d) and the corresponding energy 

dispersive X-ray (EDX) spectrum (Figure 2e) of Te/CdS demonstrate that the three Cd, 

S, and Te elements are uniformly distributed, further confirming the successful 

decoration of Te nanosheets on CdS. XRD pattern (Figure 2f) of as-prepared Te/CdS 

sample shows characteristic peaks of CdS with hexagonal Wurtzite crystal structure, 

and no typical Te peaks can be observed owing to the low loading amount. The 

loading amount of Te (1.05 wt%) is quantified by inductively coupled plasma mass 

spectrometry (ICP-MS) methods (Table S2), which is close to the nominal mass ratio 

(1%) of Te to CdS. 

To investigate whether the electronic coupling interface is formed between Te and 

CdS, which is the necessary prerequisite for interfacial charge transfer, we first 

construct a well-defined Te/CdS (0001) interface by DFT simulations (Figure 3a,b). 

The calculated lattice constant of 2D monolayer Te is 4.18 Å, close to the lateral 

constant of 4.13 Å for CdS. The negligible lattice mismatch is beneficial for 
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constructing the stable Te/CdS (0001) interface. The optimized interfacial distance is 

2.96 Å, which is comparable with the length of 2.66 Å for the Cd-S bond in the 

vertical direction, yielding the adhesive energy of 0.49 J/m2. The strong electron 

coupling effect is visualized at the interface (Figure 3c), where electron depletion 

mainly occurs to the outmost Cd atoms and the region between the first and second Te 

atom-layer, while accumulate at the interfacial region and exist as doughnut-like 

isosurfaces. Bader charge analysis indicates that the outmost Cd atom loses 0.77 

electrons, of which 0.26 electrons transfer to Te and the rest electrons are grabbed by 

the coordinated S atoms. Besides, the calculated band structures (Figure 3d, Figure S2) 

indicate that the CB position of CdS is higher than that of Te, suggesting that the 

photogenerated electrons transfer from CdS to Te is thermodynamically feasible. 

We further use X-ray photoelectron spectroscopy (XPS) to investigate the 

interfacial interactions between Te and CdS. The Te 3d XPS spectra (Figure 3e) for Te 

exhibit two peaks at the binding energies of 573.1 and 583.4 eV, assigning to 3d5/2 and 

3d3/2 of element Te0, respectively. The other evident doublet peaks at 576.1 and 586.5 

eV correspond to Te4+ 3d peaks, suggesting the presence of TeO2, which is in a good 

agreement with the XRD patterns. Compared with Te, the Te0 3d peaks for Te/CdS 

shift to lower binding energy by ca. 0.3 eV, manifesting that an intimate contact 

between Te and CdS is formed at the interface. Furthermore, this decrease of binding 

energy of Te 3d in Te/CdS means an increase of electron concentration, revealing an 

electron transfer from CdS to Te.[46, 47] Besides, the Cd 3d (Figure 3f) and S 2p 
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(Figure 3g) peaks in Te/CdS are observed to shift to higher binding energies by ca. 0.3 

eV as compared to those of bare CdS. To further uncover the electron transfer 

pathway, UV-DRS and VB-XPS spectra are measured. As displayed in Figure 3h, 

both pristine CdS and Te nanosheets show a visible light absorption with band gap 

energies (Eg) of 2.33 (Figure S9) and 1.80 eV (Figure S5b1), respectively. Besides, 

according to the VB-XPS results (Figure 3i, Figure S5c1), the VB energies (Ev) of 

CdS and Te are determined to be 1.34 and 1.45 eV, respectively. Therefore, the CB 

energies of CdS and Te are estimated at 0.99 and 0.35 eV from Eg - Ev, respectively, 

and the energy band configurations of CdS and Te can be illustrated in Figure 3j. The 

higher Ev value of CdS arouses the photo-generated electron transfer from CdS to Te, 

which is in a good agreement with the DFT simulation results. Besides, it is noted that 

the loading of Te nanosheets do not give rise to the shift of absorption edge (559 nm), 

suggesting Te is hybridized with CdS rather than doped into CdS. To better 

understand the electron transfer mechanism in Te/CdS, the reduction of Pt4+ in the 

lactic acid solution was carried out. As shown in Figure S10a, TEM observation 

demonstrates that Pt nanoparticles are selectively deposited on the surface of Te 

nanosheets. Furthermore, two sets of lattice fringe spacings of 0.221 and 0.196 nm 

(Figure S10b), corresponding to the (110) plane of Te and (200) plane of Pt, 

respectively, can be clearly observed. The EDX line scan (Figure S10c) further 

confirms that the Pt nanoparticles are deposited on the Te nanosheets rather than CdS 

microspheres, suggesting that Te can effectively capture photo-induced electron from 
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CdS and be regarded as active sites for H2 evolution. Based on the above theoretical 

and experimental results, we can confirm both the strongly interfacial electronic 

coupling effect and electron flow direction from CdS to Te (Figure 3j), which is 

thermodynamically beneficial to improving charge separation efficiency of CdS. 

3.3. Charge transfer behavior characterizations 

The separation and migration efficiency of electron-hole pairs were further 

investigated by steady-state photoluminescence (PL) spectra (Figure 4a). The PL 

spectra show the remarkably quenched characteristic peak of CdS after depositing Te 

nanosheets as cocatalysts, indicating the longer lifetime of photo-induced electron 

exicited from CdS. To gain the intrinsic reason towards the PL spectra result, 

time-resolved PL decay spectra were measured and fitted by bi-exponential function. 

As observed in Figure 4b, in comparison to CdS, Te/CdS exhibits increased short (τ1), 

long (τ2), and average PL lifetimes, suggesting the introduction of Te onto CdS can 

suppress the recombination of photo-generated charge carriers. To further illustrate 

the improved charge separation efficiency in Te/CdS, linear sweep voltammetry (LSV) 

measurements were performed under visible light irradiation (Figure 4c). The LSV 

curves indicate that the Te/CdS has the higher cathodic current density for reducing 

H2O to H2 as compared to CdS. This enhanced catalytic capability was further 

corroborated by the transient photocurrent response and electrochemical impedance 

spectra (EIS). As shown in Figure 4d, Te/CdS displays a higher photocurrent response 
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relative to the pristine CdS, which implies the improved charge separation efficiency 

in the bulk of Te/CdS. On the other hand, a much smaller semicircle diameter in the 

EIS for Te/CdS is observed (Figure 4e), suggesting the apparently enhanced 

interfacial charge carriers transfer on the surface of Te/CdS.  

Moreover, ultrafast transient absorption (TA) spectra were collected to analyze the 

electron dynamics. 400 nm laser and white light continuum of 440-700 nm are 

selected as pump pulse and probe pulse, respectively. Upon pump pulse excitation, 

both CdS (Figure 4f) and Te/CdS (Figure 4g) show the distinctly negative absorption 

peak at 525 nm, which is ascribed to photo-bleaching of the ground state (GS) 

absorption.[48] TA kinetic decay traces of these two samples are featured by initial 

signal build-ups within 10 ps and subsequent recovery processes with different 

durations (Figure 4h). The recovery time of Te/CdS (＜200 ps) is much shorter than 

that of CdS (＞800 ps), suggesting the photogenerated electrons can rapidly transfer 

from CdS to Te.[49, 50] 

3.4. Photocatalytic hydrogen evolution performance 

As expected, the coupling of Te nanosheets with CdS indeed contributes to an 

obvious improvement in the photocatalytic performance with the presence of lactic 

acid as an electron donor (Figure 5a). The isotopic tracer experiments were carried out 

to reveal that the generated hydrogen comes from water rather than lactic acid (Figure 

S11). With the optimal loading of 1 wt.% Te, Te/CdS shows the highest photocatalytic 
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H2 production rate of 234.4 μmol h-1, which is 7.8 times higher than that of bare CdS 

(30.2 μmol h-1). Moreover, Te alone exhibits negligible H2 production rate owing to 

its poor ability of formation of photoexcited electrons and holes, further ascertaining 

the cocatalyst role of Te. TEM and AFM images (Figure S12) of the recovered bare Te 

after photocatalysis demonstrate that the morphology and thickness remain the same 

with the initial Te nanosheets, indicating its structure stability. To highlight the 

advantage of this metal-free Te cocatalyst, MoS2/CdS (Figure S13) and Pt/CdS 

(Figure S14) with the same loading cocatalyst amount (Table S2) are prepared (It is 

noted that MoS2 and Pt are two state-of-the-art candidates in noble-metal-free and 

noble-metal cocatalysts, respectively). As shown in Figure 5a, Te/CdS demonstrates 

higher performance as compared to MoS2/CdS and Pt/CdS. Besides, the wavelength 

dependent apparent quantum efficiency (AQE) of photocatalytic H2 evolution is 

illustrated in Figure 5b, in which a high AQE of 11.4% and 5.6% can be obtained at 

the fixed wavelength of 420 nm and 475 nm, respectively, which is comparable to 

most of CdS merged with the previously reported metal-free and noble-metal-free 

cocatalysts (Table S3). When the light absorption at wavelengths is longer than 550 

nm, the AQE value is close to zero due to the low absorption efficiency for CdS in the 

visible-light region beyond 550 nm. Moreover, the durability of Te/CdS with the 

optimal Te loading is further evaluated. As displayed in Figure 5c, Te/CdS maintained 

stable photocatalytic H2 evolution rate after 5 cycles accumulated 10 h. TEM 

observations (Figure S15) show that the Te nanosheets maintain ultrathin structure, 
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indicating the structure stability of Te as cocatalysts. XRD patterns (Figure S16a) and 

XPS spectra (Figure S16b-d) of Te/CdS before and after the photocatalytic reaction 

show negligible change. The concentrations of Cd, S, and Te elements in Te/CdS after 

the photocatalytic reaction are almost the same as their initial concentrations by the 

ICP-MS analysis (Table S4). Furthermore, the Gibbs free energy of the intermediate 

state, ΔGH, is calculated as an indicator to evaluate hydrogen evolution reaction 

activity. As shown in Figure 5d and Figure S17, the calculation results show that 

Te/CdS has the relatively moderate ΔGH of 0.56 eV as compared to bare CdS and Te, 

indicating the lower energy barrier for hydrogen evolution of Te/CdS, which coincides 

with the experimental results. Consequently, the electron transfer route in the Te/CdS 

hybrids can be illustrated in Figure 5e. Under solar light irradiation, electrons are 

excited from VB to CB of CdS, which then transfers to Te rapidly, thus achieving 

efficient electron-hole separation in Te/CdS system. Subsequently, owing to the 

excellent charge mobility of Te, the electrons captured by Te can migrate to active 

sites on Te to involve in the hydrogen production reaction. 

4. Conclusion 

In summary, we design tellurene nanosheets as a highly efficient cocatalyst and 

investigated the effect of thickness of tellurene on photocatalytic performance for 

hydrogen production. Few-layer tellurene nanosheets with thickness of 2-5 nm are 

rationally integrated with CdS to induce a high photocatalytic hydrogen evolution rate 
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(234.4 μmol h-1) and an apparent quantum efficiency of 11.4% at 420 nm. The DFT 

calculations and time-resolved spectroscopy suggest that the high photocatalytic 

performance is ascribed to the highly efficient charge separation and migration from 

CdS to tellurene and the rapid H2 evolution on tellurene nanosheets with massive 

active sites and high charge mobility. This study demonstrates high-performance and 

cheap metal-free cocatalytic materials for photocatalytic water splitting and other 

energy conversion systems. 
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Figures 

 

Figure 1.  Characterization of ultrathin 2D Te nanosheets. (a,b) TEM images and (c) 

XRD pattern; (d) AFM image illustrating thickness; (e) the corresponding height 

profile; (f) A comparison of the photocatalytic hydrogen evolution rates of CdS 

coupled with 1.0 wt % Te nanosheets with different thicknesses (20 mg catalyst in 100 

mL aqueous solution containing 5 mL lactic acid). 
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Figure 2． Components and elements distribution. (a,b) TEM, (c) HRTEM images, (d) 

the element mapping of Cd, S, and Te, and (e) the corresponding EDX spectrum of 

Te/CdS with 1 wt.% Te loading. (f) XRD patterns of Te/CdS with 1 wt.% Te loading 

and CdS. 
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Figure 3. Theoretical simulations and experimental studies. (a) Side view and (b) top 

view of the optimized Te/CdS (0001) heterostructure. Te-I, Te-II, Te-III represent the 

first, second and third Te atom layer, respectively. (c) Charge density difference [△ρ = 

ρ(Te/CdS) − ρ(Te) − ρ(CdS)] of Te/CdS (0001) heterostructure. Electron excess and 

deficiency were displayed as yellow and light blue iso-surfaces, respectively, with the 

level of 0.003 e Å-3. (d) The calculated band structure of CdS. (e) High-resolution Te 

3d XPS spectra of Te and Te/CdS. High-resolution Cd 3d (f) and S 2p (g) XPS spectra 

of CdS and Te/CdS. (h) UV-Vis spectra of Te and Te/CdS. The insets show the colors 
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of CdS and Te/CdS. (i) VB-XPS spectrum of CdS. (j) Band alignments in CdS and 

Te/CdS. The Te loading amount of the above mentioned Te/CdS for experimental 

characterization is 1 wt.%. 
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Figure 4. Photo/electrochemical properties. (a) PL spectra, (b) time-resolved PL 

decay spectra, (c) polarization curves, (d) transient photocurrents, and (e) EIS Nyquist 

plots of CdS and Te/CdS. 2D pseudo-color plot of TA spectra of CdS (f) and Te/CdS 

(g) at the excitation wavelength of 400 nm (x-axis, y-axis, and colors mean probe 

wavelength, pump probe delay, and change of absorbance, respectively.) (h) Ultrafast 

TA signals of CdS and Te/CdS. The Te loading amount of the above mentioned 

Te/CdS for experimental characterization is 1 wt.%. 
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Figure 5. Photocatalytic performance, stability, and mechanism. (a) A comparison of 

the photocatalytic H2 evolution activities of Te/CdS with different loading amount of 

Te, MoS2/CdS and Pt/CdS (20 mg catalyst in 100 mL aqueous solution containing 5 

mL lactic acid). (b) The wavelength dependent QE of H2 evolution over 1.0 wt % 

Te/CdS. (c) Recycling H2 evolution tests for Te/CdS with 1.0 wt % Te loading amount 

under Xe lamp irradiation equipped with AM 1.5. (d) Free energy diagram for 

hydrogen adsorption on CdS, Te, and Te/CdS. (e) The schematic illustration of the 

photocatalytic H2 evolution mechanism on Te/CdS. 
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