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a b s t r a c t
Black TiO2 nanoparticles (BTN) was prepared by sol-gel derived precursor calcined in an argon atmosphere. The synthesized BTN with trivalent titanium ion, structural defect, and oxygen vacancy shows
a remarkably high absorbance in the visible light spectrum. BTN thus behaves a higher visible-active
nanoreactor than white TiO2 nanoparticles (WTN) in the aqueous solution for organic pollutant degradation. Moreover, palladium decoration on the BTN surface (Pd-BTN) demonstrates a fascinating clean
energy application. The obtained Pd-BTN fulﬁlls a satisﬁed green material demand in the photocatalytic
hydrogen production application. Pd-BTN calcined at 400 ◦ C (Pd-BTN-400) shows the high photocatalytic
hydrogen generation rate of 5200 mol/g h under UV-A irradiation and 9300 mol/g h under UV-B irradiation, respectively. The well-developed material, Pd-BTN-400, could be one of the best solutions in the
concern of clean energy and water-puriﬁcation with regard to the continuous environmental issue.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Photocatalysts have received intense attention for the pollutant degradation and clean energy applications [1–6]. The most
commonly used photocatalyst is environmental friendly TiO2
nanoparticles [7–9]. It is an inexpensive material not only easy
to produce and to use, but also thermally and chemically stable. However, a signiﬁcant disadvantage is arisen because of its
broad bandgap (anatase phase ∼3.2 eV; rutile phase ∼3.0 eV) only
located in ultraviolet absorption [10,11]. How to improve the utilization rate of solar light to increase the absorption efﬁciency
has been considered as an emerging challenge topic for scientists. The recent discovered “black TiO2 nanoparticles” (BTN) has
gathered many interests for its visible light absorption capability
[12–14]. BTN was derived from anatase TiO2 calcined at 200 ◦ C for
5 days under 20 bar hydrogen atmosphere. The hydrogen reduction process [15–18] or the oxidation process [19], as well as
other reduction methods [20,21], were developed to produce the
disorder-engineered BTN. The hydrogenated treatment causes the
lattice disorder in TiO2 nanoparticles based on the highly localized
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midgap states that result in the electrons and holes separation [22].
BTN with low bandgap also can be obtained by a one-step reduction/crystallization procedure [23–25]. All of them aims to perform
high photocatalytic activities, including the photocatalytic hydrogen generation and the photocatalytic degradation of organic dyes
[12,13]. Even though BTN has boosted the high visible absorption,
the visible active photocatalytic characteristic is still unsatisfactory
because the short lifetime of photoinduced electron and hole [26].
Hydrogen treatment thus becomes an effective method to enhance
the performance of highly photo-active hydrogenated TiO2 for
photo-electrochemical water splitting [27–29].
Many literatures have been reported towards the improvement
of the absorption behavior such as doping metal or non-metal into
TiO2 , and decorating nano-metallic on the surface of TiO2 . Using
metal or non-metal as dopants can tune the edge of valence band
or conduction band which can thus widen absorption band from UV
to visible light [30–33]. The photocatalytic characteristics of metaldoped TiO2 or nonmetal-doped TiO2 substantially are based on the
dopant, the doping concentration, synthesis method, and its calcination process [34–40]. Loading cocatalyst on the photocatalysts
surface as the heterojunction structure is an efﬁcient method to
facilitate the photocatalytic hydrogen generation [41–46]. Hence,
many research has focused on the metal decorated TiO2 to obtain
the high active photocatalysts [47–50]. The co-catalyst acts as the
electron acceptor so that the transfer of photoinduced electron
can be facilitated [51–54]. With the improved separation of the
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electron-hole pair, the photocatalytic H2 generation can thus be
increased. For proper nano-metallic decoration sizes, the localized
surface plasma resonance (LSPR) could be induced to enhance optical properties in visible region [55–59].
As mentioned, black TiO2 was usually synthesized under the
high hydrogen pressure atmosphere followed by a long calcination
process. Due to the danger of ﬂammable hydrogen, the synthesis process with high hydrogen pressure has raised public safety
worries [60,61]. The objective of this study is to obtain a Pd-BTN
with high photocatalytic activity in a moderate secure process
[53,62,63]. At ﬁrst, we prepared the BTN by sol-gel method with
thermal treatment under an argon ﬂow. The Pd nanoparticle was
deposited onto the BTN surface by wet impregnation method to
increase the electron hole pair separation. We ﬁrst explored the
BTN characteristic and utilized BTN as a nanoreactor for photodegradation of methyl orange to simulate the photodegradation
of pollutants. The visible-active photodegradation performance is
correlated to the absorption behavior of BTN series. The obtained
Pd-BTN could be a potential alternative for the commercial photocatalyst applied in the ﬁeld of photodegradation pollutant and
photocatalytic H2 generation.

2. Experimental details
Ti-O precursor gel was fabricated by the sol-gel process. In the
beginning, 7.20 mL titanium isopropoxide (Ti(OCH(CH3 )2 )4 , ACROS,
98 +%) and 21.60 mL n-propanol (C3 H7 OH, Fisher, reagent grade)
were mixed well at room temperature. Then, 1.00 mL hydrochloric acid (HCl, ACROS, 37%) and 1.00 mL deionized water are added
to initiate the gelation process. After that, the Ti-O precursor gel
was calcined at various temperatures (350, 400, 450, 500, 550, and
600 ◦ C) under air ﬂow (21% O2 in N2 ) or argon ﬂow (99.995%) for
2 h. Finally, we obtained a series of white TiO2 nanoparticles (WTN)
and BTN. For the Pd decoration onto the surface of TiO2 NFs, we
suspended 14.6 mg of palladium(II) acetylacetonate (Aldrich, 99%)
and 500 mg of the as-prepared WTN series and BTN series into
100 mL of acetone (ACROS, 99.5 +%) and mixed well by the ultrasonic bath for 3 h. After that, we kept the mixture stirring for 12 h
and subsequently evaporated at ∼80 ◦ C. The samples were kept calcined under an H2 /N2 atmosphere at 300 ◦ C for 4 h. Eventually, we
obtained WTN series and BTN series loaded with 1.00 wt% palladium, which denotes as Pd-WTN-X and Pd-BTN-X, respectively.
The Kubelka-Munk function, F(R), spectra of WTN series and BTN
series were analyzed by the UV/Vis spectrophotometer (Jacso, V650, Japan) recorded from 260 to 800 nm wavelength. The crystal
structures of WTN series and BTN series were observed by X-ray
diffractometer (XRD, Bruker, D2 phaser with Xﬂash 430, Germany).
X-ray photoelectron spectroscopy spectra were measured and
recorded by X-ray photoelectron spectrometer system (K-Alpha,
Thermo Fisher Scientiﬁc) using micro-focused Al Ka X-ray source.
The microstructures of BTN-400 and Pd-BTN-400 were observed
by ﬁeld-emission transmission electron microscope (FT-TEM, JEMARM200FTH, Japan). Brunauer-Emmett-Teller (BET) surface area
was investigated by an accelerated surface area and porosimetry
system (ASAP 2010, Micromeritics).
For the measurement of the photodegradation of methyl orange,
each 20.0 mg of WTN series or BTN series was dispersed in 150.0 mL
methyl orange aqueous solution (∼10.0 mg/L) at ambient conditions. The three kinds of light sources we adopted included UV-B
light (Sankyo Denki, G15T8E, max ∼312 nm, 8.0 W), UV-A light
(Sankyo Denki, G8T5BLB, max ∼352 nm, 8.0 W), and visible light
(Goodly, F8T5/D, 8.0 W). They were placed above the reaction
system top around ∼10.0 cm. Before the photodegradation experiment, the suspensions have been put in the dark for 0.5 h to
achieve the adsorption equilibrium and thus minimize the surface

Fig. 1. Camera images of different synthesized WTN and BTN calcined at various
temperatures of 350, 400, 450, 500, 550 and 600 ◦ C for 2 h.

adsorption behavior. The suspension of retained methyl orange
was centrifuged, and its concentration was estimated by UV/Vis
spectrophotometer recorded from the 300–800 nm wavelength. By
comparing the intensity of the methyl orange characteristic peak
located at  = 464 nm with the calibration curve examined previously, we can obtain its corresponding concentration.
Photocatalytic hydrogen production measurement takes place
in the 2.0 L mixture of C2 H5 OH and H2 O with the volume ratio of
1.0:1.0. Fifty milligrams Pd-BTN was suspended well in the mixture aqueous solution by the ultrasonic bath. The three kinds of
light sources were applied in the photocatalytic hydrogen production measurement. The six pieces of lamps were placed around the
reactor in a hexagonal arrangement, and the distance between the
reactor and the lamp is ∼5 cm. Aiming to avoid the sedimentation
of Pd-BTN, nitrogen (99.995%) was bubbled into the reaction system. Nitrogen also acted as the carrier gas for the photogenerated
hydrogen products, and its ﬂow rate is controlled at 400 mL min−1
by a mass ﬂow meter (C100L, Sierra). The liquid nitrogen cold trap
system and the molecular sieve were connected to the outlet of
the reaction system to diminish the vapor of C2 H5 OH and H2 O.
Finally, the photocatalytic hydrogen generation rate was recorded
by a Status FGD3 gas detector [63].
3. Results and discussion
Aiming to optimize the calcination temperature that produces
the highly photocatalytic active TiO2 , the synthesized Ti-O precursor gels were calcined under the ﬂow of air or argon. The
synthesized Ti-O precursor gels calcined under the ﬂow of air or
argon at different temperatures for 2 h are denoted as WTN-X and
BTN-X, respectively, where X indicates the calcination temperature. Camera images of different synthesized WTN series and BTN
series are shown in Fig. 1. For WTN calcined at 350 ◦ C, its color is
gray and brown caused by the existence of carbon. When the calcination temperature is above 400 ◦ C, WTN presents powder style
in white color. For BTN series, the color of BTN became black as
the calcination temperature above 400 ◦ C. The Kubelka-Munk function spectra, F(R), of both WTN series and BTN series are shown in
Fig. 2. Interestingly, WTN series only showed absorption behavior
in UV range (Fig. 2(a)). The F(R) spectra of BTN series present an
obvious absorption in visible light band ranged from 400 ∼ 800 nm
compared with WTN-X series (Fig. 2(b)). For WTN series, the F(R)
spectra of WTN-550 and WTN-600 extend to visible range due to
the formation of rutile TiO2 . For BTN series, the F(R) of BTN-550 is
the highest among other. However, BTN-600 shows the decreased
absorption on account of the formation of rutile TiO2 in BTN. The
F(R) spectra clearly extended to the visible range since the Ti-O
precursor gel was calcined in argon. We suppose that the bandgap
of BTN series decrease as the structural defects occur in the TiO2
lattice after the argon calcination process.
Both WTN series and BTN series were analyzed by X-ray diffractometer to observe the crystal structure as shown in Fig. 3. For
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Fig. 2. Kubelka-Munk function spectra of synthesized (a) WTN and (b) BTN calcined at different temperatures of 350, 400, 450, 500, 550 and 600 ◦ C for 2 h.

both WTN series and BTN series calcined below 500 ◦ C, the intensity of the characteristic peak located at 2 of 25.3◦ increased with
the increasing calcination temperature. The results show that the
ordering of anatase TiO2 lattice is improved by increasing the calcination temperature. Most of the diffraction peaks are consistent
with the body-centered tetragonal unit cell of anatase TiO2 , and
its lattice parameters are a = 3.78Å and c= 9.52Å [COD ID: 7206075]
[64]. For the calcination temperature above 500 ◦ C, BTN-550 and
BTN-600 present the mixed phase involving anatase TiO2 and
rutile TiO2 . WTN-600 only shows the single rutile TiO2 phase. It
is noted that the oxygen-rich environment facilitated TiO2 phase
to transform from anatase phase to rutile phase. XRD patterns of
WTN-600 can be indexed as rutile TiO2 with the lattice parameters
of a = 4.58Å, and c = 2.96Å [COD ID: 4102355]. At the same calcination temperature, the calcination process in argon could hinder the
formation of rutile TiO2 contrasted with WTN series calcined in air.
Therefore, the unique TiO2 crystal structure could be formed in the
speciﬁc atmospheric heat treatment.
In the present study, both WTN series and BTN series were
applied to measure the photodegradation performance under different light source irradiation. In Fig. S1 and S2 of Supplementary
Information, the C/C0 curves under UV-B, UV-A, and visible light
irradiation with WTN series and BTN series are presented. The
photodegradation test using TiO2 -based material usually follows
Langmuir-Hinshelwood model. The photodegradation behavior
can be described
as a1st order kinetics at the low dye concentration
as shown in ln

C0
C

= kt, where C0 is the initial concentration, C

is the concentration at the various time, k is the reaction rate contime. The slopes of each ﬁtting
stant, andt is the photodegradation
 
lines, which using ln

Fig. 3. X-ray diffraction patterns of WTN series and BTN series calcined at different
temperatures for 2 h.

C
C0

as a function of t, indicate the reaction

constants of various synthesized TiO2 [65,66].
The calculated reaction rate constants of both WTN series and
BTN series under different light source irradiation are shown
in Fig. 4. BTN series shows the higher photodegradation activity with respect to WTN series. Among them, BTN-550 shows
the maximum reaction rate constant. The calculated k of BTN550 under UV-B irradiation (Fig. 4(a)), UV-A irradiation (Fig. 4(b))
and visible light irradiation (Fig. 4(c)) are 7.38 × 10−3 , 2.67 × 10−3
and 8.1 × 10−4 s−1 , respectively. It is noted that under visible
light irradiation, WTN series with various calcination temperature
show no activity. Moreover, the commercial TiO2 photocatalyst −
®
AEROXIDE TiO2 P25 is a standard material as a competitor for
photodegradation test. The calculated reaction rate constants of
®
AEROXIDE TiO2 P25 under UV-B irradiation is 1.42 × 10−2 s−1 and
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Fig. 4. The photodegradation reaction rate constants for the synthesized WTN series and BTN series under the following light source irradiation: (a) UV-B irradiation, (b)
UV-A irradiation, and (c) visible light irradiation.

UV-A irradiation is 3.40 × 10−3 s−1 . Under visible light irradiation,
®
AEROXIDE TiO2 P25 only shows 2.77 × 10−4 s−1 . The calculated
reaction rate constant of BTN-550 is three times higher than
®
AEROXIDE TiO2 P25 under visible light irradiation. The BET surface area of BTN-550 is ∼ 58.39 m2 /g, which is very close to that of
®
AEROXIDE TiO2 P25 (∼56 m2 /g) [67]. The result suggests that the
higher photocatalytic activity of BTN-550 is not caused by the speciﬁc surface area, and the results might cause by the hydrogenated
process that caused the enhanced visible light absorption. Although
®
BTN-550 shows the lower reaction rate constant than AEROXIDE
TiO2 P25 under UV irradiation, it is hard to ﬁnd a material with
®
the photocatalytic performance higher than AEROXIDE TiO2 P25
under UV irradiation. Based on the photodegradation tests, it is
clear that the activity is highly related to the absorption behavior.
For the photocatalytic H2 generation rates of WTN series and
BTN series, they show the undetectable H2 value under UV-B irradiation. Although BTN series is helpful for absorbing the light ranged
from UV band to visible band, the photocatalytic H2 generation
performance is limited by its redox potential. The lowest level of
the conduction band (ECB ) should be more negative than the redox
potential of H+ /H2 (0 V vs. NHE). And the highest level of the valence
band (EVB ) should be more positive than the redox potential of
O2 /H2 O (1.23 V vs. NHE) [68]. In order to broaden the photocatalytic
applications, 1.00 wt% co-catalyst palladium nanoparticles were
decorated on the surface of WTN series and BTN series to increase
the electron hole pair separation and thus improve the utilization
of the photoinduced electron and hole. For the photocatalytic H2
generation measurement using Pd-WTN series, the H2 evolution
rates of Pd-WTN-400 are around 3000 mol/g h under UV-B irradiation and 2500 mol/g h under UV-A irradiation. However, the
Pd-WTN series with calcination temperature higher than 400 ◦ C are
ineffective for photocatalytic H2 generation. Because of the particle

size will increase with increasing the calcination temperature, and
the large particle size is unfavorable for suspension and thus affect
the photocatalytic activity. Fig. 5 presents the photocatalytic H2
production rates of Pd-WTN-400 and Pd-BTN series. Both Pd-WTN
series and Pd-BTN series show the undetectable hydrogen generation value under visible light irradiation. The poor performance is
caused by the bandgap of synthesized TiO2 -based material which
is larger than the photon energy of the visible light. As we mentioned above, the photocatalytic H2 generation belongs to uphill
reaction which needs sufﬁcient energy to overcome the large positive change in the Gibbs free energy. Hence, it is difﬁcult to promote
the photocatalytic H2 evolution under visible light irradiation. For
white TiO2 series, Pd-WTN-400 shows the highest H2 evolution
rate among Pd-WTN series. Nevertheless, most samples of Pd-BTN
series signiﬁcantly boost the H2 evolution rates when they are
compared with Pd-WTN-400. Pd-BTN-400 possesses the high photocatalytic hydrogen production, and it approaches 9300 mol/g h
under UV-B irradiation and 5200 mol/g h under UV-A irradiation.
After decorating Pd nanoparticles on the BTN-400 surface by the
wet impregnation method, the particle size and crystal structure
of Pd-BTN-400 still stand with the original structure. TEM images
of BTN-400 and Pd-BTN-400 are shown in Fig. 6. The particle size
of BTN-400 (∼11.3 ± 1.3 nm), and Pd-BTN-400 (∼11.0 ± 0.7 nm) are
almost the same (Fig. 6(a,b)). Fig. 6(c,d) show the high magniﬁcation of BTN-400 and Pd-BTN-400. The result also demonstrates that
the d spacing of (101) crystal plane for BTN-400 (∼3.48 Å) and PdBTN-400 (∼3.49 Å) are roughly the same. For the distribution of
Pd-based nanoparticles on the BTN surface, the average particle
diameter is ∼5.6 ± 0.8 nm, and it shows a uniform size distribution.
The (111) crystal plane of the Pd-based nanoparticles is ∼2.20 Å.
We also investigated the chemical composition of the BTN-550
and Pd-BTN-550 by XPS analysis. Based on the XPS results summa-

M.-C. Wu et al. / Applied Surface Science 430 (2018) 407–414

Fig. 5. The hydrogen production rate of various Pd-BTN samples under the following light source irradiation: (a)UV-B and (b) UV-A.

Fig. 6. The high resolution ﬁeld emission TEM images of (a,c) BTN-400 and (b,d) Pd-BTN-400.
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Table 1
XPS peak position and the corresponding atomic ratio of BTN-550 and Pd-BTN-550.
Material

Ti 2p3/2

BTN-550
Pd-BTN-550

O 1s

Pd 3d

BE

Conc.

BE

Conc.

BE

Conc.

(eV)

(at.%)

(eV)

(at.%)

(eV)

(at.%)

458.9
458.9

21.94
18.69

530.1
530.1

51.98
50.92

Not detected
334.9
1.26

Table 2
The ratios of Ti3+ /Ti, O/Ti, and C/Total of WTN-400, BTN-400, and Pd-BTN-400 calculated by XPS peak-differentiation-imitating analysis.
Sample

Chemical Composition Ratio (%)

WTN-400
BTN-400
Pd-BTN-400

Ti3+ /Ti

O/Ti

C/Total

19.49
29.15
32.59

203.83
164.45
242.86

15.65
12.29
19.48

rized in Table 1, the concentration of Pd-decorated on the surface
of Pd-BTN-550 is ∼1.26 at.%. We also measured the Kubelka-Munk
function, F(R), spectra of Pd-BTN series by the UV/Vis spectrophotometer and compared with BTN series as shown in Fig. S3. The
F(R) spectra and camera images indicate that the Pd decoration
process will affect the absorption behavior and the color of TiO2 .
After Pd decoration, Pd-BTN-350 and Pd-BTN-400 show the darker
brown than BTN-350 and BTN-400. In contrast, for the BTN series
with the calcination temperature above 450 ◦ C give the darker black
compared with Pd-BTN series. This might be due to the presence
of Pd nanoparticles between BTN-400 and BTN-450. Although the
Pd decoration process will hinder the absorption behavior, the Pd
could enhance the electron-hole separation. Therefore, Pd decoration could enhance the photocatalytic activity [63,69].
Aiming to verify that the black color of BTN is not caused by the
existence of carbon, XPS analysis was applied to detect the chemical compositions of WTN-400, BTN-400, and Pd-BTN-400 as shown
in Table 2. The XPS spectra, including Ti 2p, O 1s, C 1s, and Pd 3d are
shown in Fig. S4. Table 2 indicates that the oxygen concentration of
BTN-400 is less than WTN-400. We suggest that while TiO2 calcined
under argon atmosphere, the surrounding with insufﬁcient oxygen
could induce oxygen vacancy. The oxygen vacancies tend to form
the more titanium trivalent ion (Ti3+ ) in the calcination process [70].
The oxygen concentration of Pd-BTN-400 is higher than WTN-400
and BTN-400 due to the existence of PdO. For O 1 s XPS spectra,
the Ti O H signal (around 531.00 eV) was observed both in WTN-

400 and BTN-400. It shows that the intensity of Ti O H signal in
BTN-400 is higher than WTN-400. The terminated Ti O H bonding located on the BTN-400 surface could be contributed by the
oxygen vacancies. The oxygen vacancy defects (Ti3+ and Ti O H
terminated bonding) act as the trapped center that catches the photoexcited electron and hole. The existence of the trapped centers
could diminish the recombination of electrons and holes efﬁciently.
The carrier lifetime of electron increases from several picoseconds
to several nanoseconds [4]. The increasing of carrier lifetime contributes to the enhanced photocatalytic activity of BTN. For C 1 s
XPS spectra, the ratio of C/Ti for BTN-400 is 12.29% much less than
15.65% of WTN-400. The XPS results indicate that the black color
of BTN is caused by the Ti3+ existence and oxygen vacancy rather
than the carbon existence [15,16]. For the Pd chemical state of
Pd-BTN-400, the XPS spectrum indicates that Pd and Pd2+ are the
dominant species as shown in Fig. S4(c-4). The ratio of Pd/Pd2+ is
∼53.9/46.1 estimated by XPS peak-differentiation-imitating analysis. From the Raman spectra as shown in Fig. S5, the existence of
carbon in BTN also is observed. All samples of BTN series present the
typical anatase phase, and its intensity is increased with ascending
calcination temperature. The signal of carbon is obviously found in
BTN-400. However, with increasing calcination temperature, the
signal of carbon is disappeared, which indicated that the carbon
was removed and did not exist in BTN during calcination process.
Fig. 7 demonstrates the mechanism of photocatalytic hydrogen evolution over Pd-BTN and the proposed band structure. The
photoexcited electron and hole were induced, and they could be
captured easily by the surface defect of BTN which serves as an
electron trap. The photoexcited electron could transfer from BTN
to Pd/PdO because the ECB levels of TiO2 (ECB = −4.99 eV vs. vacuum
level) is higher than the ECB levels of PdO (ECB = −5.29 eV vs. vacuum
level) and the EF level of Pd (EF = −5.22 eV vs. vacuum level). In the
meanwhile, the hole of TiO2 could transfer to the EVB level of PdO
(EVB = −6.29 eV vs. vacuum level) [71–73]. Moreover, the Schottky interface between the surface defect and Pd/PdO can restrict
the electron, and thus extends the lifetime of the electron-hole
pairs. With the proper chemical states, the Pd/PdO could catch the
electron which could thus diminish the recombination of electronhole to facilitate the photocatalytic hydrogen generation. Among
the synthesized photocatalysts, the H2 evolution rate of Pd-BTN is
∼9300 mol/g h under UV-B irradiation and ∼5200 mol/g h under
UV-A irradiation corresponding to the photon energy conversion
efﬁciency of ∼4.12% and ∼2.31%. We expect that Pd-BTN shows the
higher efﬁciency for the charge separation than that of Pd-WTN. Pd-

Fig. 7. (a) The photocatalytic hydrogen production mechanism and (b) proposed band structure and interfacial charge transfer processes of Pd-BTN.
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BTN developed in this study could be applied in the ﬁeld of green
environmental protection and renewable energy.
4. Conclusion
The present study focuses on the preparation of different black
TiO2 nanoparticles by a safe and economical process. The TiO precursor gel was fabricated by sol-gel process. Afterward, a
simpliﬁed heat treatment in argon is performed to obtain the highperformance BTN photocatalyst. Kubelka-Munk function spectra
reveal that BTN-550 has the highest light absorption among the
synthesized TiO2 according to the surface structural defects. BTN550 thus equips the highest photodegradation activity for methyl
orange in all samples. The photodegradation activity is even much
®
higher than the commercial AEROXIDE TiO2 P25 under visible
light irradiation. Moreover, Pd nanoparticles decorated on the
BTN surface can obtain the high photocatalytic hydrogen production rate. The obtained Pd-BTN fulﬁlls a satisﬁed green material
demand in the photocatalytic hydrogen production application.
Pd-BTN-400 shows the high photocatalytic H2 evolution rate of
5200 mol/g h under UV-A irradiation and 9300 mol/g h under
UV-B irradiation, respectively. The photocatalyst developed by a
safe and convenient process is helpful in the society to improve
environment issue and make clean energy.
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