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The intrinsic hydrophilicity of MXenes makes a promise for the large-area fabrication of flexible optoelectronic
devices. However, the inferior optical absorption and high scattering rate of pure MXenes severely limit its
practical application in photodetectors. Here, we demonstrate a controllable in-situ-oxidization strategy for the
large-scale fabrication of 3D-networked Ti3CyTy-TiO2 heterostructure for photodetectors. Benefiting from the
enhanced optical absorption and the enlarged carrier transport efficiency, this photodetector can achieve 13.3
times performance improvement than that of the pristine Ti3CoTy under 405 nm (8.58 mW) light illumination at
5 V bias. Furthermore, the as-developed 3D-networked Ti3CaTy-TiO2 photodetectors can be conveniently fabri-
cated into a large-area array (10 x 10 cm?), which can effectively image the shape of “p” letter as well as more
complex circular patterns, indicating the huge potential of large-area flexible optical imaging. Evidently, this
controllable in-situ-oxidization strategy paves a way for the construction of versatile 3D-networked functional
materials for electronic devices.

1. Introduction

As an important component of optoelectronic devices, photodetec-
tors possess the ability to convert the optical signal into electrical output
via the photoelectric effect, which have widespread applications in our
daily life, such as optical communication [1,2], optical imaging [3,4],
biomedical imaging [5,6], health and atmospheric monitoring [7,8],
and so on. Recently, the booming development of flexible
two-dimensional (2D) material-based photodetectors has been achieved
due to their extraordinary properties such as high carrier mobility and
broadband responsivity [9,10].

MXenes, as an emerging family of 2D transition metal carbides, ni-
trides, and carbonitrides, are attracting great attention since their dis-
covery in 2011 [11]. Benefiting from the tunable electronic structures
induced by their intrinsically abundant terminal groups, MXenes are
rich in tunable optical and electrical properties that promote the pros-
perous development of electronic devices [12-16]. Especially, the
intrinsic hydrophilicity of MXenes facilitates the fabrication of
large-area devices, overcoming the bottleneck of large-scale fabrication
in practical application [17-19]. So far, most of the reported
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MXenes-related photodetectors are focused on the metallic TizCoTy,
whose good metallic conductivity and high transparency facilitate its
use as a transparent electrode and the formation of Schottky junction
when in contact with other semiconductors [20-25]. However, TizCaTy
shows almost no photoresponse to the optical signal due to its limited
absorbance and high scattering rate [26-28], which greatly hinders its
application in photodetectors. In this regard, oxidized MXenes and
MXenes/perovskite nanocomposites have been proved to be the repre-
sentative strategy for enhancing device performance, ascribing to the
synergistic effect of high absorbance of derivative TiOy/perovskite and
high carrier mobility of MXenes [29-31]. In contrast, the air-oxidized
MXenes provide a convenient strategy to enhance the optical absorp-
tion and overturn the disadvantage of air-induced oxidation of MXenes.
However, the reported partially oxidized MXenes-TiOy nanocrystal
composite still shows a slow response speed and limited responsivity
[30].

In view of these problems, a three-dimensional (3D)-networked
TigCaT,-TiO2 heterostructure was constructed to form the high-
performance photodetectors by a controllable in-situ-oxidization strat-
egy. In contrast with the previous oxidization strategy, the controllable
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in-situ-oxidation derivative 2D TiO, nanosheets connected with the
separated Ti3CoT, nanosheets, which constitutes a 3D-networked
structure. The results show this 3D-networked structure can achieve a
13.3 times promotion of photoresponsivity than that of pristine TizCoTy
photodetectors due to the improvement of optical absorption for the
existence of TiO2 and the enhanced separation of generated excitons for
the excellent electrical conductivity of Ti3C,Ty nanosheets. In addition,
the tight connection between Ti3CyT, and TiO; can further enhance the
carrier transport efficiency for the efficient conductive pathway. Com-
bined with the hydrophilicity of MXenes, a large-area 3D-networked
TigCaT,-TiO2 photodetectors array can be conveniently prepared to
clearly restore the shaped light and realize optical imaging. Thus, this
controllable in-situ-oxidization strategy provides a feasible way to
construct 3D-networked MXenes-derivative heterostructure for elec-
tronic devices.

2. Results and discussions

Fig. 1 schematically illustrated the structure design of functional
materials and its large area fabrication process. Due to the hydrophi-
licity of MXenes, the functional materials can be uniformly dispersed in
the aqueous solution (Fig. S1), and thus the functional layer can be
easily drop-casted onto the flexible substrate with a patterned back
electrode to fabricate scalable photodetectors array as depicted in
Fig. la. Compared with other substrate, paper substrate shows good
hydrophilicity (Fig. S2) and excellent flexibility with lower cost
[32-34]. As a result, the large area of high-quality functional material
film can be successfully fabricated on the paper substrate to form the
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photodetectors were formed by the functional layers of 3D-networked
Ti3CaT,-TiO2 heterostructure, sputtered Ag electrodes, and the flexible
paper substrate (Fig. 1b). The detailed fabrication process and schematic
diagram can be seen in the experimental section and Fig. S3. As shown in
Fig. 1lc, the controllable oxidation derivative TiO, nanosheets were
inserted vertically across the layered Ti3CyT, nanosheets to form the
3D-networked Ti3CyT,-TiO2 heterostructure. And such heterostructure
can be rapidly and efficiently prepared by the controllable in-situ-ox-
idation of TizCyTy with morphology directing reagent NaBF,. The results
of scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) were further verified the successful fabrication of
3D-networked Ti3CyT,-TiOy heterostructure (Fig. 1d—e). The Ti source
of 2D TiO; can be easily obtained from the Ti3C,T, nanosheets without
any additive during the process of controllable in-situ-oxidation
(Fig. S4), which enhances the interfacial affinity and reduces the defects
[35]. Due to the derivative TiO,, the photoinduced carriers can be
collected more efficiently through Ti3C,Ty nanosheets for their excellent
electrical properties (Fig. 1f) and its work function was lower than that
of TiOy (Fig. S5), and the photocurrent can be tuned by different
oxidation times (Fig. 1g). Most importantly, the derivative TiO, nano-
sheets can bridge the separated TizCoT, nanosheets, providing more
electron conduction pathways and decreasing the electron scattering in
Ti3CyTy nanosheets [36], and thus improving the electron collection
efficiency, as illustrated in Fig. 1h—i and Fig. S6. On this basis, compared
with pristine TigCyTy, the 3D-networked TizCyT,-TiO5 heterostructure
can greatly improve the performance on account of the enhanced optical
absorption and carrier collect efficiency, which lays the foundation for
the development of high-performance MXene-based photodetectors.

flexible photodetectors array. In detail, the MZXenes-based For deep insight into the functionality of the as-prepared 3D-
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Fig. 1. Schematic illustration of functional materials and mechanism of photoelectric performance improvement. a, Large-area fabrication process of scalable de-
vices. b, Enlarged device schematic diagram. ¢, Schematic diagram of 3D-networked Ti3C,T,-TiO,. d, SEM image of 3D-networked Ti3C,T,-TiO, (magnification in
30,000 times). e, TEM image of 3D-networked Ti3CoT,-TiO,. f, Schematic band alignments, and carrier flow at Ti3C,T,-TiO, interfaces. g, Photoelectric output
comparison of different oxidation times. h-i, Different carrier transport processes over TizC,T, (h) and 3D-networked Ti3CyTx-TiO, heterostructure (i).



D. Xiong et al.

networked TigCyT,-TiO, heterostructure, the relative confirmatory
materials were exploited and characterized. After the etching of Ti3AlCo,
the production was further treated by the hydrothermal oxidation with
different processes, and the 3D-networked Ti3CyTy-TiO3 heterostructure
could be obtained due to the presence of morphology directing reagent.
Obviously, the successful etching of Ti3AlCy and the fabrication of 3D-
networked Ti3CyTy-TiOy have been confirmed by the SEM images in
Figs. S7 and 2a-b. As a result, the controllable oxidation derivative TiO5
nanosheets bridged the separated Ti3CyTx nanosheets to construct the
anticipant 3D network, which was further verified by the TEM result
depicted in Fig. 2c. The FFT pattern of the TEM confirms that the
interplanar crystal spacing of 0.26 nm (Ti3CyTy) and 0.37 nm (TiOy).
For the hydrothermal method, temperature is an important parameter to
modulate the microstructure of the materials. Thus, we performed the
hydrothermal process under different temperatures of 120 °C, 160 °C,
and 200 °C, respectively. The results show that the product can keep at a
good shape of 3D-networked structure at 160 °C (Fig. S8), similar results
can also be confirmed by the XRD pattern of hydrothermal products
under different temperatures (Fig. S9). Meanwhile, the content of TiO2
increased with the prolonging of reaction time as shown in Fig. S10, thus
the 3D network can be controllably regulated by the reaction time. The
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elemental mapping imaging of production further proved the successful
etching of Ti3AlC, and the formation of Ti3CyT,-TiO2 heterostructure,
corresponding to a small amount of Al and the distribution of O in
Figs. S11-S12.

In addition, the various chemical terminal species of Ti3CyT, were
further characterized via Raman spectroscopy to verify the formation of
Ti3CyTy-TiO; heterostructure. In the range of Raman shift from 100 to
800 cm %, the additional peaks can be assigned to the vibrational mode
of Eg of TizCyFo, TizCo(OH)2, and Alg of TizC0,, indicating the exis-
tence of terminal groups and the successful etching of TizAlCy [37].
Besides, the oxidation derivative TiO was confirmed by the extra
Raman shift of ~150 cm ™! as shown in Fig. 2d [38]. Meanwhile, two
favorable characterizations of X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) were employed to investigate the
crystal structural variation and terminal group transformation of sam-
ples with different treatments. As depicted in Figs. 2e and S13, the (002)
peak shifting from 9.5° to a lower angle of 8.9° indicated the successful
fabrication of Ti3CsTx due to the removal of the Al element and the
introduction of terminal groups. After hydrothermal oxidation, the
diffraction peak of ~25.2° emerged due to the existence of TiO3 [39]. In
addition, the XRD patterns of 3D-networked TizCyT,-TiO2 confirm that
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Fig. 2. Characterization of different functional materials. a, b, SEM images of Ti3C,Ty (a) and 3D-networked TizC,T,-TiO, heterostructure (magnification in 15,000
times) (b). ¢, HRTEM image of 3D-networked TizC,T,-TiO,. The inset yellow and orange image shows the indexed FFT image of Ti3C,T, and TiO,, respectively. d,
Raman patterns of 3D-networked Ti3C,T,-TiO, heterostructure for different oxidation times. e, XRD patterns of 3D-networked Ti3C,T,-TiO, heterostructure for
different oxidation times. f-i, XPS survey of fabricated 3D-networked Ti3C,T,-TiO, heterostructure (f) and the core level spectrum of Ti 2p (g), C 1s (h), and O 1s (i).



D. Xiong et al.

the crystal phase of TiO is anatase phase. Meanwhile, the diffraction
intensity increased with the extension of oxidation time, indicating an
increase in TiOy content, which was consistent with the SEM results.
Similarly, the XPS results showed a significant change before (Fig. S14)
and after oxidation (Fig. 2f-i), indicating the formation of TizgCyT,-TiO4
heterostructure [31]. To clearly characterize the surface terminal of
Ti3CyTy-TiO2 heterostructure for different oxidation times, the detailed
XPS data were shown in Fig. S15, and the detailed description can be
found in Supplementary Note 1. In addition, the contrast material of
particulate TiO5 coated onto TizCoTy to constitute the Ti3CoTy-TiO2(p)
heterostructure was fabricated without the morphology directing re-
agent NaBF;4 to confirm this controllable in-situ-oxidization strategy. The
detailed fabrication process and the characterization can be found in the
experimental section and Figs. S16-S17.

As a photoelectric conversion device, the performance of photode-
tectors was influenced by both the optical and electrical properties of

4]
o
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functional materials. Based on this, we first characterized the optical and
electrical properties of the fabricated TizCoT,-TiO4 heterostructure with
the help of a semiconductor test platform and UV-vis spectrophotom-
eter. As can be seen from Figs. 3a-b, both the optical and electrical
properties of functional materials are closely related to the oxidation
time. The formation of 3D-networked Ti3CyT,-TiOy promotes optical
absorption but suppresses carrier transport at the same time. Due to the
trade-off between electrical and optical properties, when the oxidation
time was 4 h, the decreased conductivity and limited enhanced optical
absorption induced by the slightly damaged structure of Ti3CoT, and
weak oxidation degree result in the whole photoelectric performance of
the materials degraded. Further oxidation of Ti3CyTy leads to the for-
mation of the 3D-networked Ti3CyT,-TiOy heterostructure, whose
increased excitation of photogenerated electron-hole pairs and
improved electron collection efficiency can greatly improve the photo-
electric performance, with the optimum performance reaching 0.71 nA
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Fig. 3. Photoelectric performance of 3D-networked Ti3C,T,-TiO, heterostructure. a, Optical absorption of 3D-networked Ti3zC,T,-TiO, heterostructure photode-
tectors for different oxidation times. b, Experimental I-V characteristics of 3D-networked Ti3C,T,-TiO heterostructure photodetectors for different oxidation times. c,
Photoresponse behaviors of 3D-networked Ti3zC,T,-TiO heterostructure photodetectors for different oxidation times under different light intensity of 405 nm light
illumination at 5V bias. d, Time-dependent photocurrent of 3D-networked TizC,T,-TiO, heterostructure photodetectors for different oxidation times under the
405 nm light illumination (8.58 mW) at 5 V bias. e, Dark current at 5 V bias and optical absorption at 405 nm of 3D-networked Ti3C,T,-TiO2 heterostructure with
different concentrations. f, Photoresponse behaviors of the 3D-networked Ti3C,T,-TiO heterostructure photodetectors with different concentrations under different
light intensity of 405 nm light illumination at 5V bias. g, Schematic diagram of electrode configurations varying the channel length and the channel width. h,
Photoresponse of the 3D-networked TizC,T,-TiO5 heterostructure photodetectors for 12 h oxidation time with different channel lengths under the different light
intensity of 405 nm light illumination at 5 V bias. i, Photoresponse comparison of 3D-networked Ti3C,T,-TiO, heterostructure photodetectors for 12 h oxidation time
with different electrode configurations under the 405 nm light illumination (8.58 mW) at 5 V bias.
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under 405 nm (8.58 mW) light illumination at 5V bias when the
oxidation time is 12 h. As the oxidation time was further increased to
16 h, the absorbance of Ti3CyT, decreased due to the lack of plasmonic
absorption, while the conductivity also decreased, leading to a decrease
in photocurrent as well, and the detailed tendency of photocurrent with
the oxidation time was shown in Fig. 3c—d. The detailed dark current and
photocurrent at 5V bias under 405 nm light illumination (8.58 mW),
the calculated responsivity and detectivity of the different photodetec-
tors were included in Table S1. As a result, the output performance was
enhanced by 13.3 times compared with the pristine TigCyT, photode-
tectors. Based on the results of photocurrent measurement, the photo-
responsivity and detectivity can be evaluated to be 0.078 mA/W and
8.40%10% jones, the detailed calculation process can be found in Sup-
plementary Note 2.

Further analysis shows that the enhanced photoelectric performance
of the designed 3D-networked Ti3CyT,-TiO2 heterostructure photode-
tectors is attributed to the following reasons: firstly, the increased
excitation of photogenerated electron-hole pairs can be prompted in
both TizC,Ty and derivative TiO,. Secondly, it is reported that the fast
carrier transfer process can occur in TizgCoT,-TiO2 heterostructure [36].
The 2D TiO5 nanosheets can bridge the separated TizC,T, nanosheets to
form the 3D network, which provides more efficient conductive path-
ways to further facilitate the carrier separate and transport [36]. As for
the contrast material of Ti3CyTy- TiO2(p), when the separated TizCoTy
nanosheets are not connected by TiO; nanosheets, the increased
electron-hole pairs cannot be effectively collected for the lack of suffi-
cient conductive paths (Fig. S18), and therefore the photodetectors show
the relatively low photoresponsivity of 0.012 mA/W, as shown in
Fig. S19. On this basis, we utilized the time-resolved photoluminescence
(TRPL) to provide insight into the species’ excited state dynamics, as
shown in Fig. S20. The decay traces were fitted using a two-exponential
decay model [40], and the detailed model can be found in Supplemen-
tary Note 3 and the parameters were listed in Table S2. Compared with
the Ti3CyT,-TiO2(p), the 3D-networked Ti3CyT,-TiO, heterostructure
shows a shorter average PL lifetime, which suggested an efficient carrier
transport pathway between the Ti3C,T, and TiO2 nanosheets. Similarly,
when the 3D-networked Ti3CyT,-TiO5 heterostructure photodetector for
12 h oxidation time was placed in air for one month, the photocurrent
would drop to 0.047 nA under the same condition (Fig. S21), which is
attribute to the broken of 3D-networked structure as shown in Fig. S22.
Lastly, the derivative TiO3 nanosheets coated on the surface of MXenes
can insulate water and oxygen, which may contribute to the good sta-
bility of photodetectors [38]. As shown in Fig. S23a, the performance
showed almost no degradation after 300 cycles of repetitive irradiation
of 0.5 Hz with a 405 nm laser. In addition, its photocurrent remains
unchanged after 5000 s of light illumination (Fig. S23b), further con-
firming its long-term stability. Therefore, the designed 3D-networked
Ti3CaTy-TiO2 photodetector exhibits better performance and can be
applied in practical applications.

The detailed photoelectric performance of the optimum devices was
further characterized as shown in Figs. S24a-b. From the time-
dependent photoresponse of the 3D-networked TigCyT,-TiO2 hetero-
structure, the photocurrent increases linearly with the increase of light
intensity. Furthermore, the response speed of photodetectors can be
obtained from the enlarged time-dependent photoresponse in Fig. S24c.
The rise/fall time of photodetectors, defined as the time required to
increase/decrease from 10% to 90% of its peak photocurrent, was
0.694/0.812 s respectively, which is faster than that of the reported
TigCaT,-TiO2 composites [30]. For the sharp peak of photocurrent, we
measured the photoelectric performance under the same illumination
with different on-off times (Fig. S25a). The photocurrent can be further
increased to 1.37 nA when the on-off time is extended to 100s. In
addition, the wide bandgap of TiO5 (3.2-3.3 eV) results in the optical
absorption in the UV range. From the photoelectric performance under
365 nm light illumination (Fig. S25b), it can be found that the higher
photocurrent can be obtained despite the relatively low light intensity,
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indicating the possibility in the field of UV applications. Lastly, bending
stability is an important criterion to evaluate its flexibility. The detailed
bending angle and bending radius of the flexible device are quantified in
the same way the same as those reported papers [41,42], as shown in
Fig. S26a. It clearly shows that 70.6% of its initial photocurrent can be
maintained even at a large bending angle as well as 79.7% of the initial
properties after 1500 bending cycles, evidently presenting the excellent
flexibility of flexible photodetectors (Figs. S26b—c).

Furthermore, the regulation of solution concentration and electrode
structure was put forward to modulate the photoelectric performance.
As can be seen from Fig. 3e and Fig. S27, both the optical absorption and
the dark current increase with the solution concentration, illustrating
the increased photogenerated electron-hole pairs and carrier transport
capacity. As a result, the device with the solution concentration of 5 mg/
mL exhibits the improved photocurrent of 0.71 nA under 405 nm
(8.58 mW) light illumination at 5 V bias (Fig. 3f). On the other hand, the
width and length of the channel also seriously affect the performance of
the devices (Fig. 3g). From the I-V curve depicted in Fig. 528, it is clear
that the current decreased with the increase of channel length, indi-
cating the suppressed carrier transport. On the contrary, the optical
absorption would increase because of the addition of functional mate-
rials. The test results show that the photocurrent tends to increase and
then decrease as the channel length increases (Fig. 3h), and the device
performs best when the channel length is 50 um. Apart from the channel
length, the effect of device channel width on performance has also been
investigated. The electrode structure was regulated from line electrode
to rotating electrode to widen the channel width while keeping constant
channel length (Fig. S29), which induced more optical absorption
because of the increased content of functional materials between elec-
trodes. The output of the photodetectors based on the line electrode and
rotating electrode is defined as Iy and Iy, respectively. As a result, the
photoelectric performance can be enhanced to 180% of the original
output after the electrode structure change, as shown by the blue dotted
line in Fig. 3i. In this way, excellent performance can be obtained via
adjusting the concentration of functional materials and adopting specific
electrode configurations, which promotes its application in the field of
optical imaging.

To demonstrate the application of optical imaging, a flexible pho-
todetectors array consisting of 11 x 11 pixels was fabricated onto a
paper substrate of 10 x 10 cm to verify the visual imaging capability. As
shown in Fig. 4a, in virtue of the white spotlight and a patterned mask,
light is shone onto the photodetectors array in the shape of the mask,
such as letters or graphs. In this case, the photoelectric output of all
irradiated photodetectors will change from low level to high level, while
the photoelectric output of unirradiated photodetectors will remain
unchanged. According to the photoelectric output of all photodetectors,
the shape of the mask can be accurately restored by the photodetectors
array. Fig. 4b-d illustrate the whole fabricating process of photodetec-
tors array, including magnetron sputtering, direct ultraviolet laser cut-
ting, and drop coating, and the resulting photodetectors array is shown
in Fig. 4e, which reveals the possibility of large-area and high-resolution
imaging on rigid or flexible substrates.

On this basis, different letters and graph patterned masks were
fabricated to produce the patterned light to verify the functionality of
letter imaging and complex graphic imaging as shown in Fig. 4g. After
the analysis of the photoelectric output gotten by a low-noise current
preamplifier, the “p” letter pattern can be successfully restored, as
shown in Fig. 4h, and the time-dependent photoresponse of photode-
tectors (X axis=3) can be found in Fig. 4f. Moreover, a more complex
circular pattern imaging can also be achieved by the photodetectors
array as demonstrated in Fig. 4i. (The detailed photoelectric output of
each photodetector can be found in Fig. S30.) Combined with the
advanced equipment and processes, the photodetectors array with
higher resolution can be easily fabricated as shown in Fig. S31. Un-
doubtedly, the proposed method allows the fabrication of a larger area
and higher resolution photodetectors array to distinguish and restore
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Fig. 4. Optical imaging application of photodetectors based on 3D-networked TizC,T,-TiO- heterostructure. a, Schematic illustration of the 3D-networked Ti3CyTy-
TiO, heterostructure photodetectors for optical imaging, including light source, patterned mask, and photodetectors array. b-d, Schematic illustration of the 3D-net-
worked TizCyT,-TiO5 heterostructure photodetectors array with the help of radio frequency magnetron sputtering technology (b), direct ultraviolet laser cutting (c),
and drop-casting technology (d). e, Digital photo of the photodetectors array on flexible paper substrate. f, Time-dependent photoresponse of photodetector array
under the white spotlight with “p” mask (X axis = 3) g-i, Applications of the photodetectors array based on 3D-networked TizC,T,-TiO heterostructure in optical

imaging of letter “p” and circular graph.

images, which provides a viable method for achieving optical imaging.
3. Conclusions

In summary, we have designed a 3D-networked TizCyT,-TiO;
photodetector via a simple controllable in-situ-oxidization strategy and
demonstrated its prospects in large-area optical imaging. Taking
advantage of the intrinsic instability of Ti3CyTy and morphology
directing reagent, the 3D-networked TizCyT,-TiO2 heterostructure was
successfully constructed to achieve superior photoelectric performance.
Due to its enhanced optical absorption and higher electrical collection
efficiency, the designed photodetector exhibits 13.3 times performance
improvement. Based on this, optical imaging of letters and circular
patterns was successfully demonstrated by photodetectors array
(11 x11 pixels) fabricated on a flexible paper substrate of 10 x 10 cm?.
The proposed controllable in-situ-oxidation strategy of 3D-networked
heterostructure construction provides a feasible approach to achieve

high-performance MXene-based photodetectors, thus creating a new
opportunity for optical imaging in the future.

4. Experimental section
4.1. The fabrication of TizC2Ty nanosheets

The basic functional materials Ti3CoT, nanosheets were synthesized
by the chemical etching of Ti3AlCy (2.5 g) via the etchant HF (25 mL
40 wt%) with magnetic stirring at 40 °C for 24 h. After that, the sus-
pension was washed by centrifuge at 4000 rpm several times until the

pH of the supernate at around 6. The sediment of the production was
collected and vacuum dried at 40 °C for further hydrothermal oxidation.

4.2. The preparation of 3D-networked TizC2Ty-TiO2 heterostructure

The Ti3CeTy-TiOy heterostructure was fabricated via a simple
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hydrothermal method with the help of morphology directing reagent. In
detail, 0.1 g etching product was added into 15 mL of 1 M HCI solution
that contains the morphology directing reagent NaBF,4 (0.165 g). After
that, the suspension was stirred for 30 min via the magnetic stirrer and
ultrasonic for another 10 min. Then, transferring the solution into a
Teflon-lined stainless steel autoclave to take the hydrothermal oxidation
process at 160 °C for 4-16 h.

The contrast materials of TigCyT,-TiO2(p) heterostructure was
fabricated using the same hydrothermal method for the lack of NaBF4.
And the solution used in this process was changed into 15 mL deionized
water.

4.3. The preparation of photodetectors

First of all, the Ag electrode was obtained via the radio frequency
magnetron sputtering technology. And the designed electrode structure
and channel length were incised by UV cold laser processing technology.
The 10 pL fabricated functional materials with different concentrations
were dropped onto the electrode and dried at ambient temperature for
further measurement.

4.4. Characterizations

The morphology and element distribution were characterized using a
field emission scanning electron microscope (JSM-7800F) and trans-
mission electron microscopy (JEM-2100F). The crystal structure of the
functional materials was characterized by X-ray diffraction using Cu Ko
radiation. XPS (ESCALAB XI +) and Raman spectroscopy (HORIBA
Jobin-Yvon XploRA ONE, 532 nm laser) were adopted to analyze and
monitor the surface terminations of functional materials. The orbital
energies were characterized by the UPS (ESCALAB XI +). The optical
absorption properties were characterized via the UV-vis absorption
spectrum (Techcomp UV2310Il). The electrical properties were char-
acterized by the Keithley 4200 semiconductor testing system and Stan-
ford SR570 preamplifier. The time-resolved photoluminescence (TRPL)
spectra were characterized by a 405 nm pulse laser as an excitation
source with FLS980. The light intensity of the laser was controlled via
the function signal generator.
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