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Ultrathin 2D Nonlayered Tellurium Nanosheets: Facile  
Liquid-Phase Exfoliation, Characterization, and Photoresponse 
with High Performance and Enhanced Stability

Zhongjian Xie, Chenyang Xing, Weichun Huang, Taojian Fan, Zhongjun Li, Jinlai Zhao, 
Yuanjiang Xiang, Zhinan Guo, Jianqing Li, Zhigang Yang, Biqing Dong, Junle Qu, 
Dianyuan Fan, and Han Zhang*

Nonlayered materials are constructed with chemical covalent bonds in all three 
dimensions, distinct from layered materials, which contain evident structural 
differences in the horizontal and vertical directions. As a consequence, liquid-
phase exfoliation (LPE), a widely explored technique to obtain 2D layered 
nanoarchitectures, has not yet been fully characterized for the realization of 2D 
nonlayered nanostructures. Herein, by virtue of a typical chain-like structure of 
crystalline bulk Te with strong TeTe covalent bonds in intrachains and weak 
Van der Waals forces in interchains, ultrathin 2D nonlayered Te nanosheets are 
realized by means of an LPE method. The resultant 2D Te nanosheets possess a 
broad lateral dimension ranging from 41.5 to 177.5 nm and a thickness ranging 
from 5.1 to 6.4 nm, and its photoresponse properties are evaluated using 
photoelectrochemical measurements. The 2D Te nanosheets exhibit excellent 
photoresponse behaviors from the UV to the visible regime in association with 
strong time and cycle stability for the on/off switching behaviors. The fabrica-
tion approach of 2D Te nanosheets would arouse interest in exfoliating other 
nonlayered 2D materials, which would expand the family of 2D materials.
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characteristics of the bulk materials, 
favored solvent-2D nanoflake interactions, 
and sonication energy (external forces). 
Taking graphene as a typical example, it 
is well known that graphite is character-
ized as a layered material with strong 
anisotropy; that is, carbon atoms chemi-
cally bond with each other by strong cova-
lent bonding interactions in each layer  
(i.e., the in-plane direction), while each 
layer simply links together by weak phys-
ical Van der Waals’ forces (i.e., the out-of-
plane direction). As a consequence, the 
strong differences in the bonding type of 
the two directions in graphite can give rise  
to 2D graphene nanoflakes in an appro-
priate solvent with the aid of sonication. 
In a typical sonication process, external 
force from the sonication energy can 
overwhelm the Van der Waals’ forces of 
the interlayers of graphite; in the mean-
while, solvent–graphene interactions can 

minimize the energetic cost of exfoliation, and the presence 
of solvent molecules on the exfoliated graphene nanoflakes 
can effectively hinder restacking because of the strong inter-
layer π–π interactions. Spurred by the successful development 
of graphene, other 2D layered materials, such as transition 
metal dichalcogenides, h-BN, and black phosphorus, have been 

Nonlayered 2D Materials

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201705833.

1. Introduction

Liquid-phase exfoliation (LPE) has been identified as an effec-
tive technique to fabricate 2D layered inorganic nanoflakes 
from their bulk precursors.[1–16] In general, several vital factors 
can determine the exfoliation efficiency, such as the anisotropic 

Adv. Funct. Mater. 2018, 28, 1705833

think
Highlight



www.afm-journal.dewww.advancedsciencenews.com

1705833 (2 of 11) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

subsequently investigated.[1,6,11,13,14,17–19] Additionally, as an 
extension as well as supplement of 2D layered materials, 2D 
nonlayered materials, formed by covalent bonds in all three 
dimensions, have been of great interest in recent years because 
of their intriguing properties.[20,21] For instance, it has been 
demonstrated that 2D nonlayered nanoflakes possess abun-
dant dangling bonds on their surfaces[20] that may be absent 
in the case of 2D layered materials and thus show favored 
compatibility with traditional substrates like silicon.[22] Many 
well-established techniques have been developed to synthe-
size 2D nonlayered materials, such as Van der Waals epitaxial 
method,[22,23] template directed synthesis method,[24,25] and 
lamellar hybrid intermediate method.[26,27] However, using LPE 
to obtain 2D nonlayered materials from their bulk precursors 
has been not as investigated so far, possibly because nonlayered 
materials are formed with strong covalent bonds in all three 
dimensions and do not possess a strong anisotropy between the 
in-plane and out-of-plane directions, like 2D layered materials 
do. Fortunately, some nonlayered inorganic crystalline mate-
rials still have anisotropic characteristics, in particular, those 
with chain-like structures, such as selenium (Se) and tellurium 
(Te), in the chalcogen group and their alloys.[23] Typically, these 
nonlayered bulk crystals consist of atomic chains; each chain is 
constructed of strong covalent bonds, and adjacent chains are 
linked together by weak Van der Waals’ interactions. Anisotropy 
therefore exists between the intrachains and interchains, which 
gives rise to opportunities to realize 2D nonlayered nanoflakes 
from these chain-like nonlayered materials by means of LPE.

Elemental tellurium (Te) is located at VI A in the periodic table 
of elements. It has received considerable attention because of a 
wealth of intriguing properties, including high piezoelectricity,[28] 
excellent thermoelectricity,[29,30] fast photoconductivity,[31] photo-
electric response[32] anisotropic lattice thermal conductivity,[33] 
catalytic activity,[34] gas sensor response,[35,36] and more. As a 
nonla yered material, Te has a strong anisotropy with a chain-like 
structure and is composed of infinitely long as well as helical  
Te chains along the c-axis. Each Te chain is built with strong 
TeTe bonds and a three Te-atom helical cycle, while contig-
uous Te chains are joined together by weak Van der Waals’ inter-
actions, which may be responsible for the anisotropic features of 
crystalline Te. Because of this anisotropy, Te shows a strong ten-
dency to form 1D nanoarchitecture, such as Te nanowires,[37–40] 
Te nanotubes,[41–44] Te nanorods,[45] Te nanobelts,[46] and Te-based 
fusiform nanoarchitectures[47] by means of epitaxial growth along 
the c-axis. It is anticipated that beyond 1D Te, 2D Te nanostruc-
tures may be much more promising in terms of large-specific 
surface area, thickness-modulated band gap (Ep) energy, and 2D 
templates for other composite 2D nanostructures. Unfortunately, 
to date, most investigations of Te-based materials have focused 
on 1D nanostructures. He and co-workers demonstrated the first 
case of 2D Te hexagonal nanoflakes on flexible mica sheets syn-
thesized by a van der Waals epitaxial technique.[23] The resultant 
2D Te nanoflakes possess lateral dimensions of 6–10 µm  
and an average thickness of 30–80 nm. Because of the flexible 
mica substrate, the resultant 2D Te/mica still exhibits excel-
lent photoresponse performance under illumination of 473 nm 
light, even after being bent 100 times. Similarly, Wang and co-
workers reported Te films with monolayer and few-layer thick-
nesses grown by molecular beam epitaxy on a graphene/6H-SiC 

(0001) substrate.[48] The thickness dependence of Ep values, from 
0.33 eV for the bulk state to 0.92 eV for a monolayer, was inves-
tigated in their study. Even though they have been successfully 
fabricated using a van der Waals epitaxial technique, the prepa-
ration of 2D Te nanoplates still remains a challenge because 
of the strict preparation conditions (temperatures as high as  
750 °C, oxygen-free as well as ultrahigh-vacuum conditions, etc.) 
required. Consequently, facile as well as high-efficiency methods 
for fabricating 2D Te nanostructures are needed.

As mentioned above, Te chains with a chain-like structure 
along the c-axis can be fabricated as a direct result of 1D Te-
based nanostructures by a bottom-up strategy, such as chemical 
reduction; this may make it profitable to use the LPE method to 
prepare 2D Te nanostructures, as the structure of Te chains can 
generate anisotropy between intrachains and interchains, sim-
ilar to the anisotropy in graphene between the vertical direction 
and horizontal direction. As a consequence, 2D Te nanostruc-
tures may be obtained in a proper solvent by ultrasonication 
treatment. In this contribution, we fabricated ultrathin 2D Te 
nanosheets by a facile LPE method. The photoresponse perfor-
mance of the as-prepared 2D Te nanosheets was systematically 
evaluated using a photoelectrochemical (PEC) measurement in 
various electrolytes. The applied voltage, light wavelength and 
intensity, electrolytes, and concentrations had significant influ-
ences on the photoresponse behaviors of the 2D Te nanosheets. 
Furthermore, the time and cycle stability of on/off switching 
behaviors was also investigated in this work. Our work high-
lights the promising optoelectronics applications of 2D Te 
nanosheets, which deserve further exploration in the future.

2. Results and Discussion

2.1. Morphology and Crystal Characterization

Bulk Te has a typical chain-like structure, and its strong ani-
sotropy originates from a large difference between interchains, 
with weak Van der Waals’ interactions, and intrachains, with 
strong TeTe covalent bonds.19 In this contribution, subjected 
to sonication in isopropyl alcohol (IPA) solvent, 3D nonlayered 
bulk Te particles can be gradually exfoliated into 2D nonlayered 
Te nanosheets in a possible chain-by-chain manner. It is fur-
ther anticipated that the slippage of a large amount of Te chains 
from 3D Te particles’ surfaces may explain the thinning of Te 
particles in the thickness direction. As a result, 2D nonlayered 
Te nanosheets can be obtained from its bulk counterpart by 
means of a facile LPE technique. Consequently, we are able to 
conclude that it is the strong anisotropy of bulk Te that plays 
a vital role in producing 2D nonlayered Te nanosheets simply 
using the common LPE method.

Figure 1 depicts typical characterizations of the as-prepared 
2D Te nanosheets. As seen in Figure 1a, the obtained 2D Te 
nanosheets have lateral dimensions in a broad range from 41.5 
to 177.5 nm. Much smaller Te nanoparticles with relatively 
weaker contrast can also be seen, with dimensions from 10.6 to 
24.7 nm. It is noted the final Te nanosheets’ size distribution 
can be improved in their size distribution by using an itera-
tive centrifugation cascades technology previously reported in 
the literature (Figure S1, Supporting Information).[49] A clear  
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crystal lattice spacing of ≈3.2 Å in the corresponding high- 
resolution transmission electron microscopy (HRTEM) image 
in Figure 1b is assigned to the (101) plane of Te.[40] In addition, 
the obvious and strong selected electron diffraction (SED) pat-
tern (right-top, Figure 1b) as well as a fast Fourier transform 
(FTT) photograph (right-bottom, Figure 1b) demonstrate that 
the crystalline features of Te nanosheets were retained during 
the LFE process. According to atomic force microscope (AFM) 
measurements, shown in Figure 1c,d, the resultant ultrathin 2D 
Te nanosheets exhibit a thickness varying from 5.1 ± 0.2 to 
6.4 ± 0.2 nm. Besides, much smaller thickness of 3.4 ± 0.3 nm 

is observed for the small Te nanoparticles. The corresponding 
Raman characterizations can be identified in Figure 1e, where 
vibration peaks located at 119.4 and 139.5 cm−1, attributed to 
the A1 and E2 phonon modes of Te,[23,50] are observed for bulk 
Te. A relatively weak second-order peak at 264.6 cm−1 is also 
found in this case. For the exfoliated Te nanosheets, two sim-
ilar peaks but with a minor blueshift are observed, at 122.2  
and 141.3 cm−1, respectively. No significant change in vibration 
peak is observed in the case of both fresh and 2-week-old 2D 
Te nanosheets, not only indicating the unchangeable crystalline 
characteristics of 2D Te nanosheets but also good stability in 
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Figure 1. Characterization of ultrathin 2D Te nanosheets: a) TEM image illustrating their 2D morphology; b) HRTEM image showing crystalline lattices. 
Inset: the corresponding SED pattern (right-top) and FTT photograph (right-bottom); c) AFM image illustrating thickness; d) the corresponding height 
profile; e) Raman spectra recorded by an excitation laser at 532 nm; and f) XRD patterns.
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ambient conditions. Additionally, the crystalline properties of 
both bulk Te and exfoliated 2D Te nanosheets were characterized 
by X-ray diffraction (XRD) measurement, as demonstrated in 
Figure 1f. Bulk Te shows a dominant hexagonal crystalline struc-
ture with diffraction peaks at 23.1°, 27.6°, 38.3°, 40.5°, 43.4°, 
45.9°, 47.1°, 49.7°, 51.3°, 52.0°, 56.9°, 63.0°, 63.7°, 65.9°, 67.7°, 
73.5°, and 75.6°, which are indexed to the (100), (101), (102), 
(110), (111), (003), (200), (201), (112), (103), (202), (113), (210), 
(211), (104), (300), and (114) planes of Te, respectively, according 
to the literature.[51,52] Similar to the conclusions suggested by the 
Raman results in Figure 1e, the resultant 2D Te nanosheets also 
exhibit a typical hexagonal structure, indicating the unchanged 
crystal structure of 2D Te nanosheets during the exfoliation  

process. The successful fabrication of 2D nonlayered Te nanosheets 
may open up an avenue for 2D nonlayered nanoarchitecture 
from nonlayered materials with chain-like structures.

2.2. Photoresponse On/Off Switching Behavior

Figure 2 displays typical photoresponse behaviors of the 
resultant 2D Te nanosheets illuminated by simulated light. 
Voltage scanning measurements (Figure 2a,b) for 2D Te 
nanosheets in 0.1 m KOH from 0 to 1.0 V indicate that 2D 
Te nanosheets have a positive response to simulated light; 
specifically, there is an increase in current density under 
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Figure 2. Photoresponse behavior of 2D Te nanosheets under illumination of simulated light in 0.1 m KOH: a,b) linear sweep voltammetry (LSVs) 
curves with a scanning speed of 0.01 V s−1; c) on/off switching behavior of photocurrent intensity (Iph) versus time (t) at various voltages (0.1, 0.2, 
0.3, 0.4, 0.5, and 0.6 V) under various light power intensities (levels I, II, III, IV, and VI). The on/off time interval was 5 s; d) typical on/off switching 
behavior for Iph versus t at various voltages under fixed light power intensity of level IV; e) curves of Iph as a function of applied voltage as well as light 
power intensity (Pλ); and f) curves of photocurrent responsivity (Rph) as a function of applied voltage as well as Pλ.
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the illumination of simulated light. This 
pheno menon is indicative of the potential 
photoresponse of 2D Te nanosheets. Various 
voltages under a continuously increased light 
intensity were employed to evaluate the photo -
response behavior of 2D Te nanosheets, as 
shown in Figure 2c. The 2D Te nanosheets 
displayed a typical on/off switching response 
under the present conditions. Upon fixing 
the applied voltage, photocurrent signals 
gradually increased with increasing light 
power intensity (i.e., from level I to level VI), 
and vice versa, suggesting that both voltage 
and light power intensity have a close rela-
tionship with the photoresponse of 2D Te 
nanosheets. For example, with a fixed light 
intensity of level IV, as shown in Figure 2d, much clearer and 
stronger photocurrent signals were observed as the voltage 
increased from 0 to 0.6 V. To quantitatively evaluate the per-
formance of a 2D Te-based photodetector under various sim-
ulated light illumination conditions, the photocurrent density 
(Iph), photoresponsivity (Rph),[53] specific detectivity (D*, Jones 
or cm⋅Hz1/2⋅W−1, assuming that the dark current is the major 
source of short noise),[54] rise time, and decay time were calcu-
lated using the following equations

I I Iph light dark= −  (1)

R I P S/ph ph ( )= ⋅λ  (2)

D R S q I* /(2 )ph
1/2

dark
1/2= × ×  (3)

where Ilight and Idark indicate the drain current density with 
and without light, respectively; Pλ and S denote the light power 
intensity and effective area of the Te sample on indium-tin oxide 
(ITO) glass, respectively; and q = 1.60 × 10−19 C. The calculated 
Iph and Rph values as a function of voltage, as well as Pλ, are 
shown in Figure 2e,f, respectively. As seen in Figure 2e, the Iph 
value showed a large increase, from 5.09 × 10−3 µA cm−2 at 0 V to 
1.36 × 10−1 µA cm−2 at 0.6 V, under a fixed light intensity of level  
IV (0.118 W cm−2), an increase of 26.7 times. In addition, at a 
fixed voltage of 0.6 V, as the light intensity increased from level IV  
to level VI, the Iph value first increased and then reached a pla-
teau. It is believed that Te nanosheets can generate plenty of 
photoinduced electron–hole pairs when irradiated by lights in 
view of the strong Te-light interactions. The photocurrents can 
then be produced when these electron–hole pairs are separated 
to some extents. Higher voltages applied can largely separate the 
electron–hole pairs and thus led to much larger photocurrents. 
Besides, larger light intensities (from level IV to level VI) can 
support Te nanosheets with much more amounts of photo ns, 
thus generating more electron–hole pairs and subsequent 
higher photocurrents under a fixed voltage. In spite of their 
weak photocurrent on/off behavior at 0 V, the 2D Te nanosheets 
did exhibit a weak self-powered photoresponse behavior (shown 
in Figure 2c), which has rarely been reported in previous inves-
tigation.[23] Additionally, with increasing voltage, the largest Rph 
value was found to be 1.156 µA W−1 at 0.6 V with a fixed light 

intensity at level IV. However, at a voltage of 0.6 V, a Rph value 
of 1.601 µA W−1 was obtained at level III, suggesting that a 
small light power intensity can result in a good photoresponse 
for 2D Te nanosheets. The obtained detectivity D* values of 2D  
Te nanosheets in Table 1 are on the order of magnitude of 
106 Jones, smaller than those of typical layered materials such 
as nickel phosphorus trichalcogenide (NiPS3) (1012 Jones)[53] 
and tungsten diselenide (WSe2) (1014 Jones),[54] which may be 
due to the larger dark current of 2D Te nanosheets found in our 
study. The rise time and decay time of 2D Te nanosheets were 
determined to be 54.5 and 70.2 ms, respectively, much lower 
than those of single-layer MoS2,[55] reduced graphene oxide,[56] 
and SnSe.[57]

To further understand the photoresponse behavior of 2D Te 
nanosheets, nine different wavelengths of light were employed 
to irradiate the 2D Te nanosheets in 0.1 m KOH at a fixed voltage 
of 0.6 V with increasing light power intensity, as shown in 
Figure 3. Light with wavelengths of 350, 365, 380, 400, and 475 nm  
triggered 2D Te nanosheets to generate photocurrent on/off 
behavior (Figure 3a). The corresponding photocurrent signals 
could be strengthened by increasing the light intensity from 
level I to level VI in each case. However, in the cases of sam-
ples illuminated by light with wavelengths of 520, 550, 650, and 
700 nm, no obvious photocurrent on/off behavior was detected 
(Figure 3b). With a fixed light intensity, low-wavelength light 
generated a large photocurrent (Figure 3c). However, compared 
with the Iph values obtained by the illumination of simulated 
light shown in Figure 2d, the Iph values from Figure 3c are 
obviously lower, possibly because of the decreased light inten-
sity of these lights relative to simulated light (see Figure S1 and  
Table S1 in the Supporting Information). Fortunately, signifi-
cantly increased Rph values were obtained from 2D Te nanosheets  
irradiated by low-wavelength lights, as shown in Figure 3d, 
when compared with those for 2D Te nanosheets illuminated 
by simulated light, which ranged from 0.1 to 1.2 µA W−1. 
For instance, Rph values were in the ranges of 11–13 µA W−1,  
10–11 µA W−1, and 8–16 µA W−1 for wavelengths of 350, 365, 
and 380 nm, respectively. Similar to the photocurrent intensity, 
2D Te nanosheets also exhibited relatively low Rph values in the 
cases of wavelengths of 400 and 475 nm. To further clarify the 
photoresponse behavior of 2D Te nanosheets under illumina-
tion by light of various wavelengths, the absorption spectra are 
depicted in Figure 3e. As observed, the 2D Te nanosheets have 
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Table 1. Typical parameters of 2D Te nanosheets-based photodetectors under various 
conditions.

Materials Wavelength [nm] Voltage [V] Light intensity 
[Pλ,W cm−2]

Photoresponsivity 
[Rph, µA W−1]

Detectivity  
[D*, Jones]

2D Te nanosheets Simulated light 0.3 0.053 (II) 0.169 1.7 × 106

Simulated light 0.3 0.118 (IV) 0.152 1.1 × 106

Simulated light 0.6 0.053 (II) 1.26 2.4 × 106

Simulated light 0.6 0.118 (IV) 1.16 2.3 × 106

2D Te nanosheets 350 nm 0.6 0.00217 (IV) 13.4 3.1 × 107

2D Te nanosheets 365 nm 0.6 0.00357 (IV) 11.7 2.6 × 107

2D Te nanosheets 380 nm 0.6 0.00268 (IV) 8.31 1.9 × 107

2D Te nanosheets 400 nm 0.6 0.00522 (IV) 2.79 6.8 × 107
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a broad and gradually decreasing absorption in the range of 320 
to 800 nm. Furthermore, based on the results in Figure 3e, a 
band gap (Eg) energy of 1.88 eV for 2D Te nanosheets was cal-
culated and is shown in Figure 3f; this value is far higher from 
the 0.34 eV for bulk Te,[23,48] which means that there is a critical 
light wavelength (694 nm) that can overwhelm the Eg of 2D Te 
to trigger its photoresponse behavior. Although the wavelengths 
of 520, 550, and 650 nm are lower than this critical value, 
proper experimental conditions, such as electrolytes and their  
concentrations, are also of great importance for the photo-
response performance of 2D Te nanosheets and may be respon-
sible for their indiscernible on/off switching behavior shown in 
Figure 3b. In addition, the photoresponse behaviors of 2D Te 
nanosheets obtained from various centrifugation forces were 
also evaluated and it was found that thinner 2D Te nanosheets 
exhibited slightly higher Iph values due to its possible increased 
active sites in electrolytes (Figure S2, Supporting Information).

Concerning PEC tests, the electrolyte was found to affect 
the final photoresponse performance of photodetectors. 
In the present study, KOH (0.1, 0.5, and 0.5 m) (Figure 4) as 
well as Na2SO4 (0.5 m) (Figure 5) were both adopted to inves-
tigate their effects on the photoresponse behavior of the 2D 
Te nanosheets. As depicted in Figure 4a, at an applied bias 
voltage of 0.6 V, increasing the concentration of KOH from 0.1 
to 1.0 m noticeably increased the photocurrent density under 
simulated light for all light intensity levels. For instance, with 
a simulated light illumination at light power intensity level IV, 
the photocurrent density reached 0.356 µA cm−2 in 1.0 m KOH 
and 0.251 µA cm−2 in 0.5 m KOH, 2.6 and 1.8 times that in  
0.1 m KOH, respectively, as shown in Figure 4b. Similar improve-
ments in the photocurrent density of 2D Te nanosheets under 
low-wavelength light irradiation are also shown in Figure 4c,d. 
In addition, a neutral electrolyte (Na2SO4) at 0.5 m was also 
used to evaluate the photoresponse performance of 2D Te 
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Figure 3. Photoresponse behavior of 2D Te nanosheets under various light illumination values at a fixed voltage of 0.6 V in 0.1 m KOH: a) on/off 
switching behavior of Iph irradiated by various wavelengths of light (350, 365, 380, 400, 475, 520, 550, 650, and 700 nm) with increasing light intensity;  
b) a typical Iph ∼ t curve at light intensity level IV irradiated by various wavelengths of light; c,d) curves of Iph values and Rph values as a function of Pλ, 
respectively; e) UV–vis absorption spectra of 2D Te nanosheets in IPA solvent; and f) the corresponding Tauc plots for calculation of band gap (Eg) energy.
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Figure 4. Photoresponse behavior of 2D Te nanosheets in KOH electrolyte with various concentration (0.1, 0.5, and 1.0 m) at a voltage of 0.6 V under 
the illumination of a, b) simulated light and c,d) light with various wavelengths (350, 365, 380, and 400 nm).

Figure 5. Photoresponse behavior of 2D Te nanosheets in 0.5 m Na2SO4 under the illumination of a,b) simulated light at voltages of 0, 0.3, and 0.6 V 
and c,d) various wavelengths of light (350, 365, 380, 400, 475, 520, and 550 nm) at 0.6 V and light power intensity level IV.



www.afm-journal.dewww.advancedsciencenews.com

1705833 (8 of 11) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2018, 28, 1705833

nanosheets, as shown in Figure 5. As seen in Figure 5a, better 
photoresponse behavior was observed with a voltage of 0.6 V 
at all light intensities when compared with potentials of 0 and 
0.3 V. The photocurrent signal is absent with a voltage of 0 V, 
suggesting that 2D Te nanosheets do not exhibit a self-powered 
response in Na2SO4, different from the case in 0.1 m KOH. 
Additionally, similar to the cases in KOH, with an increase in 
voltage from 0.3 to 0.6 V at light intensity level IV, the photo-
current density significantly increased, as shown in Figure 5b. 
The photoresponse performance of 2D Te nanosheets in 0.5 m 
Na2SO4 at 0.6 V was also evaluated under low-wavelength light  
irradiation, as depicted in Figure 5c,d. Clear and strong photo-
current behavior was found under illumination of light with 
wavelengths of 350, 365, 380, and 400 nm; a weak photoresponse 
signal was observed for 475 nm. Samples under the irradiation 
of light with wavelengths of 520 and 550 nm showed negligible 
photocurrent signals. The above photoresponse behavior of 2D 
Te nanosheets in Na2SO4 has a strong similarity with those 
in KOH electrolyte, suggesting an inherent photo response 
behavior of 2D Te nanosheets. A comparison of the photo-
response behaviors of 2D Te nanosheets in KOH and Na2SO4 
electrolytes is given in Figure 6a,b. Both the photocurrent den-
sity and photoresponsivity of 2D Te nanosheets in KOH are  
larger than those in Na2SO4 at a same voltage of 0.6 V under 
simulated light with a fixed light intensity (Figure 6a,b). For 
example, at light intensity level IV and 0.6 V, 2D Te nanosheets 
generated 0.251 µA cm−2 in 0.5 m KOH, 6.8 times the value 
(0.03686 µA cm−2) in 0.5 m Na2SO4; under the same conditions, 
the former exhibited a higher photoresponsivity, in the range 
of 1.85–2.15 µA W−1, than that in 0.5 m KOH, which was in the 

range of 0.303–0.49 µA W−1. This result demonstrates that an 
alkaline electrolyte may be a better choice to realize good PEC 
performance with 2D Te nanosheets. Electrochemical imped-
ance spectrum (EIS) results for 2D Te nanosheets in 0.1, 0.5, 
and 1.0 m KOH are shown in Figure 6c,d. The 2D Te nanosheets 
exhibit low interfacial resistance (Rs) with all the KOH electro-
lytes, and the Rs values gradually decreased with increasing 
KOH concentration. This suggests that KOH at a higher con-
centration can benefit the transport of photoinduced electrons 
between the electrode and electrolyte. However, in spite of the 
large photocurrent of 2D Te in 1.0 m KOH, a long measurement 
time can result in severe peeling of the Te sample form the ITO 
glass (data not shown here), indicating that a high KOH con-
centration of 1.0 m may be not a good candidate for achieving 
the long-term photoresponse performance of 2D Te nanosheets.

The stability of the photoresponse performance of 2D Te 
nanosheets is crucial for practical applications. The cyclic 
and temporal stability of the photoresponse performance 
of 2D Te nanosheets is shown in Figure 7. A long measure-
ment time of 10 000 s with intervals of 5 s can cover 1000 on/
off switching behavior cycles, and ten cycles at various points 
were chosen to investigate the cyclic stability of the photo-
response performance. From Figure 7a–c, the 101st to 110th 
(2000–2100 s), 401st to 410th (5000–5100 s), and 991st to 
1000th (9900–10 000 s) cycles show photocurrent intensities of 
0.1295, 0.1174, and 0.1132 µA cm−2, respectively, values that are 
marginally lower than that of 0.136 µA cm−2 for the original  
cycle. In other words, after 1000 on/off cycles, the photo-
current intensity of 2D Te nanosheets only decreased by 16.6%,  
indicating a quite good cyclic stability. In addition, after storage 

Figure 6. a) Photocurrent intensity and b) Rph values as a function of light power intensity (i.e., levels I, II, III, IV, and VI) in KOH and Na2SO4 with 
various concentrations at voltages of 0.3 or 0.6 V. c,d): EIS results for 2D Te nanosheets in 0.1, 0.5, and 1.0 m KOH at 0.6 V with light level IV.
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in 0.1 m KOH for 1 month, the photoresponse behavior of the 
same sample was detected again, as shown in Figure 7d–f.  
Results show that the 1-month-old 2D Te nanosheets exhib-
ited a reduced photocurrent intensity of 0.1054, 0.1041, and  
0.1033 µA cm−2 in the 101st to 110th, 401st to 410th, and 991st 
to 1000th cycles, respectively. A reduction in photocurrent inten-
sity of almost 24% was found after 1000 cycles, compared with 
the original value of 0.136 µA cm−2 obtained 1 month before, 
which again indicates the good temporal and chemical stability 
of 2D Te nanosheets in KOH electrolyte. The weak reduction of 
photocurrent intensity can be ascribed to some of the effective 
materials of 2D Te nanosheets peeling from the ITO glass.

3. Conclusion

Ultrathin 2D nonlayered Te nanosheets were produced by a 
facile liquid-phase exfoliation method for the first time. They 
exhibited lateral dimensions ranging from 41.5 to 177.5 nm 
and thicknesses of 5.1 to 6.4 nm. The strong anisotropy of bulk 
crystalline Te, with a typical chain-like structure that originates 
from the strong TeTe covalent bonds in intrachains and weak 
Van der Waals’ forces in interchains, may be responsible for the 
successful fabrication of 2D Te nanosheets in IPA solvent by 
sonication-assisted liquid exfoliation. More importantly, the as-
prepared 2D Te nanosheets exhibited excellent photoresponse 
behavior under simulated light as well as light with wavelengths 

of 350, 365, 380, 400, and 475 nm. At higher voltage, higher 
light power intensity as well as higher concentration of KOH 
electrolyte can lead to higher photocurrent intensity under 
the illumination of simulated light. Similar trends were also 
observed in samples irradiated by light with wavelengths of 
350, 365, 380, 400, and 475 nm. Compared with other kinds 
of illumination, simulated light can generate a larger photo-
current intensity, while with low-wavelength light produces a 
higher photoresponsivity. In addition, 2D Te nanosheets also 
display a robust temporal and cyclic photoresponse stability. 
This contribution may pave the way to realizing several nonlay-
ered 2D nanostructures from their bulk precursors with chain-
like structures. The resultant 2D Te nanosheets show promise 
for potential application in photodetectors in the UV–vis band 
and other photoelectric fields.

4. Experimental Section
Preparation of 2D Te Nanosheets: Bulk Te powder was purchased 

from Aladdin Company. All solutions used were of analytical reagent 
grade. Te nanosheets were prepared using a liquid exfoliation method. 
Compared with other solvents, IPA was chosen as the solvent to 
exfoliate Te because of its low toxicity, low boiling point, and high 
exfoliation efficiency (Figure S3, Supporting Information). Typically, bulk 
Te powder was first ground with a small amount of IPA solvent in an 
agate mortar for 30 min to ensure that large particles were sufficiently 
crushed into small ones. Then, the Te/IPA slurry was transferred to a  

Figure 7. Stability of photoresponse behavior of 2D Te nanosheets illuminated by simulated light in a–c) 0.1 m KOH at a bias of 0.6 V as-prepared and 
d–f) after 1 month. A typical stability measurement lasted 10 000 s and special intervals of a,d) 2000–2100 s, b,e) 5000–5100 s, and c,f) 9900–10 000 s  
were chosen to evaluate the stability behavior.
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50 mL plastic tube for probe sonication. Prior to this sonication, additional 
IPA solvent was added. The final concentration of Te in IPA solvent was 
≈5 mg mL−1. The typical probe sonication lasted for 5 h under an Ar 
atmosphere, and the sonication power was adjusted to 200 W with an 
on/off cycle of 4/4 s. Finally, the Te/IPA mixture was further subjected 
to a bath sonication to obtain the Te nanosheet solution. The power 
and time of bath sonication were 400 W and 8 h, respectively. The 
optimization of sonication power and time can be found in Figures S4  
and S5 (Supporting Information). To avoid possible oxidation, the 
temperatures of both probe sonication and bath sonication were  
kept at less than 10 °C using an ice bag. To obtain the 2D Te 
nanosheet/IPA solution, the above resulting solution was centrifuged 
at a centrifugation force of 1 kg for 30 min. The supernatant containing 
Te nanosheets was then gently transferred to another test tube and 
further centrifuged for 30 min at a centrifugation force of 6 kg to 
obtain the precipitate of 2D Te nanosheets. The as-prepared 2D Te 
nanosheets were dried in a vacuum drying oven at room temperature 
for 6 h.

Characterization: Transmission electron microscope (Tecnai G2 
Spirit120kV) and (AFM, Bruker, DimensionFastScan) were used to 
characterize the morphology and height of Te nanosheets. To prepare the 
AFM samples, Te nanosheets were dispersed on an Si substrate by drop 
casting, and the images were scanned at 512 pixels per line. HRTEM 
measurement was also used to measure the atomic arrangement. UV–vis 
absorption spectra of Te nanosheets were measured in the range of  
200–1100 nm using a UV–vis absorbance spectrometer (Cary 60, Agilent). 

Scheme 1. The building of Te-nanosheets-based PEC photodetector with a standard three-
electrode system, that is, a working electrode (2D Te nanosheets deposited-ITO glass, photo-
anode), counterelectrode (platinum wire, photocathode), and reference electrode (a saturated 
calomel electrode).

Raman tests were performed on a high-resolution  
confocal Raman microscope (HORIBA LabRAM 
HR800) at room temperature with an excitation 
wavelength of 532 nm. XRD patterns were recorded 
using a Bruker-D8 instrument. The XRD data were 
collected from 10° to 90° at a scanning speed 
of 2° min−1, with a step interval of 0.02°. The 
instrument was operated at 40 kV and 40 mA.

Photoresponse Activity: A PEC measurement 
system was used to evaluate the typical 
photoresponse behavior of the 2D Te nanosheets, 
as shown in Scheme 1. A standard three-electrode 
system, that is, a working electrode (2D Te 
nanosheets deposited on ITO glass, photoanode), 
counterelectrode (platinum wire, photocathode), and 
reference electrode (a saturated calomel electrode) 
were constructed in various electrolytes, including 
KOH (0.1, 0.5, and 1.0 m) and Na2SO4 (0.5 m). To 
ensure good adhesion on ITO glass, Te nanosheets 
were redispersed in a 0.1 mg mL−1N-methyl-2-
pyrrolidone/poly(vinylidene fluoride) solution, and 
the samples deposited on ITO glass were placed  
into a vacuum drying oven at 85 °C for 8 h before 
used. LSV was carried out at voltages from 0 to 
1 V at a scan speed of 0.01 V s−1. Amperometric 
current–time (i–t) curves were obtained at voltages 
of 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 V under gradually 
increasing light illumination with a sampling 
interval of 0.1 s. It should be noted that in the 
calculation of rise time and decay time of a single 
on/off switching signal, the sampling interval was 
set as 0.0001 s. Simulated light (mixed light from 
300 to 800 nm) and light with wavelengths of 350, 
365, 380, 400, 475, 520, 550, 650, and 700 nm  
(obtained by a certain optical filter) were used 
to irradiate 2D Te nanosheets, and the gradually 
increasing light intensities were labeled levels I, II, 
III, IV, and VI (Table S1, Supporting Information). EIS 
was also determined in the frequency range from 105 
to 100 Hz with an amplitude of 0.005 V.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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