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Cocatalysts play a vital role in accelerating the reaction kinetics and improving the charge separation of
photocatalysts for solar hydrogen production. The promotion of the photocatalytic activity largely relies
on the loading approach of the cocatalysts. Herein, we introduce a metal-seed assistant photodeposition
approach to load the hydrogen evolution cocatalyst of platinum onto the surface of TasNs photocatalyst,
which exhibits about 3.6 times of higher photocatalytic proton reduction activity with respect to the cor-
responding impregnation or photodeposition loading. Based on our characterizations, the increscent con-
tact area of the cocatalyst/semiconductor interface with metal-seed assistant photodeposition method is
proposed to be responsible for the promoted charge separation as well as enhanced photocatalytic H;
evolution activity. It is interesting to note that this innovative deposition strategy can be easily extended
to loading of platinum cocatalyst with other noble or non-noble metal seeds for promoted activities,
demonstrating its good generality. Our work may provide an alternative way of depositing cocatalyst
for better photocatalytic performances.

© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.

In view of the conventional fossil fuel shortage and related envi-
ronmental issues, the development of clean and renewable energy
sources has become significantly important [1]. Given that solar
energy and water are naturally abundant, photocatalytic water
splitting thus provides an attractive approach to directly convert
and store solar energy into clean and renewable hydrogen [2,3].
The photocatalyst usually composes of a light-absorbing semicon-
ductor and a cocatalyst, where the cocatalyst facilitates the charge
separation and accelerates the surface reaction kinetics [4]. Besides
the catalytic ability of the cocatalyst itself, the charge separation
and transfer at the interface of cocatalyst/semiconductor are also
important for the photocatalytic performance, which are mostly
determined by the quality of interface including the intimateness
and the interfacial contact area [5,6]. Accordingly, development
of novel strategy to address the improvement of the interface
charge separation has inspired continuous interest.

* Corresponding author.
E-mail address: fxzhang@dicp.ac.cn (F. Zhang).

https://doi.org/10.1016/j.jechem.2020.07.034

It has been demonstrated that the interface contact area and
compactness between cocatalyst/semiconductor are extremely
important for the interface charge separation [7-9]. Convention-
ally, the cocatalysts have been widely loaded on the surface of
semiconductors by using as-prepared cocatalyst particles (mix-
adsorption method) or cocatalyst precursors (photodeposition,
impregnation or other in-situ growing methods) [10-13]. The for-
mer approach usually encounters a large charge transfer resistance
at the interface caused by the weak physical connection between
the cocatalyst and semiconductor [14]. Comparatively, much
stronger interaction between photocatalyst and cocatalyst can be
achieved by the latter, among which impregnation (Imp) and pho-
todeposition (PD) methods have been mostly adopted due to the
low-cost and convenient features [15-23]. Compared to the PD
method, the Imp method could make a much stronger interface
interaction because of the calcination process at a certain higher
temperature, while which simultaneously causes the aggregation
of nanoparticles leading to the decreased interface contact areas.
In this case, the strong interface interaction and homogeneous
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dispersion of the deposited cocatalyst cannot be obtained simulta-
neously by the single PD or Imp method. Accordingly, it is highly
desirable to develop innovative method to combine the advantages
of both PD and Imp for homogeneous dispersion and strong inter-
face interaction respectively.

Herein we introduce an innovative metal-seed assistant pho-
todeposition approach that combines the advantage of single Imp
and PD method. Specifically, TasNs, one of the most popular
visible-light-responsive photocatalysts [24-28], was employed as
the model photocatalyst, and the platinum was deposited as the
cocatalyst. The deposition of platinum cocatalyst consists of two
steps: One is the deposition of platinum seed on the surface of
TasNs by the conventional impregnation method, and the other is
the photodeposition. The first seed planation by the impregnation
route is expected to make a strong interface interaction but free of
aggregation because of the low content of platinum used. As seen
in the Fig. S1(a), although the impregnated metallic platinum seed
cannot be seen after H, flow reduction because of the low content,
the existence of Pt seed (0.0093 wt%) can be proved by the induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES).
The impregnated Pt seed can be expected to trap the photogener-
ated electrons for photoreduction deposition of further platinum.
(Fig. S1b). It means that in this case, the initial impregnated plat-
inum acts as the metal seed for the extensional growth of platinum
by photodeposition. It should be pointed out that in order to
remove the influence of surface wettability, all the surface of the
TasNs photocatalyst was modified by magnesia according to our
previous method [6]. And as a comparative illustration, the plat-
inum cocatalyst on the surface of TasNs photocatalyst was also
deposited by single impregnation and photodeposition respec-
tively. The as-synthesized three kinds of samples were correspond-
ingly denoted as Pt(Imp)/TasNs, Pt(PD)/TasNs and Pt(Imp-PD)/
TasNs respectively. On the basis of detailed experimental and char-
acterized results, it reveals that the photocatalytic H, evolution
rate on the Pt(Imp-PD)/TasNs sample is obviously superior to that
of Pt(Imp)/TasNs or Pt(PD)/TasNs, as should result from the
improved interface charge separation. As an extended illustration,
other metal seeds or semiconductor photocatalysts were further
investigated to be similarly feasible, demonstrating the generality
of our innovative strategy.

The photocatalytic H, evolution activities of the three typical
samples were evaluated in the methanol aqueous solution under
visible light irradiation. Firstly, the effect of Pt seed and photodepo-
sition Pt amounts on the H, evolution rate for Pt(Imp-PD)/TasNs
sample was optimized and given in Fig. S2. Based on the optimized
results, the amounts of Pt seed and photodeposition Pt were fixed
at 0.01 wt% and 1.0 wt%, respectively. For compared discussion, the
amounts of Pt in Pt(Imp)/TasNs and Pt(PD)/TasNs samples were

also fixed at 1.0 wt%. It should be noted that the pristine TasNs
without Pt cocatalyst performs no H, production activity under
visible light irradiation, while the three typical photocatalysts con-
tinuously produce H, in the experimental region after loading of Pt
cocatalysts (Fig. 1a). It is interesting to see that the Pt(Imp-PD)/
TasNs shows a much higher activity with respect to the Pt(Imp)/
TasNs or Pt(PD)/TasNs samples. The actual loading amounts of Pt
on the Pt(Imp)/TasNs, Pt(PD)/TasNs and Pt(Imp-PD)/TasNs samples
were evaluated by the inductively coupled plasma atomic emission
spectroscopy (ICP-AES) to be 1.0 wt%, 0.76 wt% and 0.82 wt%,
respectively (Fig. 1b). As an extended discussion, the photocat-
alytic H, evolution rate is thus normalized by the Pt content
loaded. As seen in Fig. 1(c), the activity on the Pt(Imp-PD)/TasNs
(5.44 mmol/(h-g Pt)) still remains ca. 3.4 times of higher than that
of Pt(Imp)/TasNs and Pt(PD)/TasNs (1.58 and 1.6 mmol/(h g Pt)),
demonstrating the superiority of our metal-seed assistant pho-
todeposition approach in promoting the photocatalytic proton
reduction reaction.

In order to get insight into the enhanced photocatalytic perfor-
mance, we characterized the three typical samples in detail. First of
all, the morphology and distribution of the deposited Pt cocatalysts
were analyzed by the high-resolution scanning electron micro-
scope (HRSEM). As shown in the HRSEM images (Fig. S3), the sur-
face of the prepared TasNs is clean and smooth. After loading of Pt
cocatalysts, distinct Pt particles can be observed on the surface of
TasNs by the different methods (Fig. 2a-c). Specifically, the Pt par-
ticles on the Pt(Imp)/TasNs sample are of spherical morphology
with particle sizes grow largely after calcination (Fig. 2a). Fig. S4
(a) shows that the average particle size of Pt on the Pt(Imp)/
TasNs sample is ca. 4.1 nm, which is larger than that obtained by
the PD approach (2.2 nm). The enlarged particle size will lead to
decrease of surface active sites. The surface active sites of Pt cocat-
alysts in the three typical samples were characterized by the CO
chemical absorption experiment with results given in Table S1, in
which the Pt(Imp)/TasNs shows the lowest surface active sites
because of its largest Pt particle size. The Pt particles in Pt(PD)/
TasNs sample are the smallest (Fig. 2b and S4b), showing the stron-
gest light shading effect on TasNs (Fig. S5). Interestingly, the Pt par-
ticles in Pt(Imp-PD)/TasNs seem to grow along the edge of TasNs
and exhibit a highly dispersive worm-like morphology (Fig. 2c),
which is expected to create increased contact area between Pt
cocatalyst and Tas3Ns photocatalyst for promoted charge transfer.
The increscent interfacial contact area between Pt cocatalyst and
TasNs photocatalyst can be further confirmed by HRTEM image
given in Fig. 2(f). All the deposited Pt cocatalysts in the three typ-
ical samples are intimately contacted with the TasNs (Fig. 2d-f).

The crystal structures of the three typical samples examined by
X-ray diffraction (XRD) measurement are almost identical as the
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Fig. 1. Comparison of the three typical samples: (a) Time course curves of the photocatalytic H, evolution; (b) the loaded Pt amount analyzed by the inductively coupled
plasma atomic emission spectroscopy (ICP-AES); (c) rates of H, evolution normalized by the amount of loaded Pt (g).
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Fig. 2. High-resolution SEM images of (a) Pt(Imp)/TasNs, (b) Pt(PD)/TasNs and (c) Pt(Imp-PD)/Ta3Ns. The inserted diagrams in Fig. 2(a-c) represent the morphology and
distribution of Pt particles with the three different methods. High-resolution TEM images of (d) Pt(Imp)/TasNs, (e) Pt(PD)/TasNs and (f) Pt(Imp-PD)/TasNs. The red transparent
line in the HRTEM images refers to the contact interface between the loaded Pt cocatalyst and the TasNs photocatalyst.

pristine TasNs photocatalyst (Fig. S6), indicating the crystal struc-
ture of the TasNs is not obviously altered during the deposition
of Pt cocatalysts. No obvious diffraction peaks assigned to Pt can
be observed due to the low loading amount. However, the exis-
tence of Pt on the TasN5 surface can be evidenced by the X-ray pho-
toelectron spectroscopy (XPS, Fig. 3). The Pt 4f peaks in the three
samples are fitted into two couples of peaks, which can be assigned
to metallic Pt° and Pt** with adsorbed oxygen (Pt-O.qs Species)
respectively [29]. Notably, the Pt 4f;, peak ascribed to Pt° is

Pt(Imp-PD)/Ta,N, : Pt 4f

pe P

Pt(PD)/Ta,N,

Pt(Imp)/Ta,;N,

Intensity (a.u.)

80 78 76 74 72 70 68
Binding Energy (eV)
Fig. 3. Pt 4f XPS spectra of Pt(Imp)/TasNs, Pt(PD)/TasNs and Pt(Imp-PD)/TasNs

samples. The insert vertical line in the XPS spectra labels the peak position of the Pt°
spectra.

shifted from 71.1 eV for Pt(Imp)/TasNs to 70.7 and 70.6 eV for Pt
(PD)/Ta3Ns and Pt(Imp-PD)/TasNs respectively, demonstrating the
loaded Pt species through PD process in the Pt(PD)/TasNs and Pt
(Imp-PD)/TasNs samples should be more electron-sufficient than
that Pt(Imp)/TasNs.

Normally, the activity of one photocatalyst is integrally deter-
mined by the efficiencies of light absorption, charge separation
and surface catalysis [8]. As demonstrated by results of the XRD
patterns and UV-Vis spectra, the differences of crystallization
and light absorption on the three typical samples are minor, the
efficiency of light absorption on them should be similar. Addition-
ally, the content and active surface area of loaded platinum are
close, so the similar surface catalysis can be also expected. Accord-
ingly, the remarkably promoted H, evolution rate is proposed to
result from the improvement of charge separation. To confirm it,
the charge separation of the three samples was thus characterized
by the difference of open circuit voltage (AOCV) under light and
dark conditions, surface photovoltage (SPV) spectra and time-
resolved photoluminescence (TRPL) spectra. Basically, the separa-
tion of photogenerated charges on photocatalysts under irradiation
will lead to change of surface voltage on the photocatalyst, so the
surface voltage change before and after irradiation can be used
as an indicator of the charge separation on the photocatalytic sys-
tem [30-32]. As shown in Fig. 4(a and b), the Pt(Imp-PD)/TasNs
exhibits much larger surface photo-induced voltage with respect
to Pt(Imp)/TasNs or Pt(PD)/TasNs sample, indicating more efficient
separation of photo-generated electrons from TasNs photocatalyst
to the Pt cocatalyst. It is worth noting that no surface photovoltage
will be generated for all the samples when the wavelength is
beyond absorption edge of TasNs in Fig. 4(b) (600 nm, see the
UV-vis spectra in Fig. S5). The single TasNs shows the minimum
surface photovoltage value, while the surface photo-voltage values
increase after loading of Pt cocatalysts, even for the sample with
the low content of Pt seed loading (Pt(seed)/TasNs). Importantly,
the values of the surface photo-voltage of the three typical samples
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Fig. 4. Photogenerated charge separation characterization of Pt(Imp)/TasNs, Pt(PD)/TasNs and Pt(Imp-PD)/TasNs three typical samples: (a) Difference of open circuit voltage
(AOCV) under light and dark conditions, 300 W Xe lamp (/. > 420 nm); (b) surface photovoltage (SPV) spectra, Experimental conditions: Ji;radiation from 300 nm to 800 nm
with a 500 W Xe lamp; (c) PL decay spectra collected at the indicated emission wavelengths 595 nm under an excitation at 405 nm. The dotted lines are the fits of the kinetics

to a biexponential function with the average lifetimes .

increased by an order of magnitude compared with TasNs. The
charge separation property was further evidenced by the time-
resolved photoluminescence (TRPL) spectra (Fig. 4c) with the PL
decays fitted by a biexponential function (Table S2), based on
which the PL decay lifetime on the three samples is in a good
according with their activity order.

Based on the above results, a short summary can be made that
the light absorption and surface catalysis of the three samples have
little influence on the photocatalytic activity, while the improved
charge separation mainly contributes to the superior photocat-
alytic H, evolution activity of Pt(Imp-PD)/TasNs sample. Our
metal-seed assistant photodeposition method was based on the
speculation that the first metal seed planation by the impregnation
route can make a strong interface interaction and easily collect the
photogenerated electrons for further photoreduction of platinum
precursor. In this case, the amount of Pt seed is important for the
morphology and distribution of photodeposition Pt cocatalyst. As
shown in Fig. S7, the photodeposited Pt particles are aggregated
and dense when the amount of Pt seed is 0.04 wt%. The dense Pt
cocatalyst will lead to strong light shading effect for TasNs photo-
catalyst and reduced photocatalytic hydrogen evolution rate
(Fig. S2a). With a suitable amount of Pt seed (0.01 wt%) impreg-
nated, the Pt(Imp-PD)/TasNs shows a dispersive worm-like mor-
phology of Pt cocatalyst, which causes increased contact area
between Pt cocatalyst and TasNs photocatalyst as well as promoted
charge separation and photocatalytic activity.

Encouraged by above finding, we thus extended the metal-seed
assistant photodeposition approach into other metal seeds
and semiconductors. As seen in Fig. 5, similar promotion on the
H, evolution rate on the TasNs5 can be observed when either
noble (Ru, Rh) or non-noble (Ni, Ag) is employed as seed. As
given in Fig. S8, moreover, the H, evolution rate on the TaON or
SrsTa4015_4N, photocatalyst can be also promoted by this strategy.
The results well demonstrate the generality of our metal-seed
assistant photodeposition approach in promoting the photocat-
alytic activity.

In summary, we report an innovative metal-seed assistant
photodeposition approach to exhibit superior H, evolution rate
from water compared to the conventionally single impregnation
or photodeposition process. It has been well demonstrated that
remarkably promoted interface charge separation as well as photo-
catalytic activity can be obtained by the innovative deposition
strategy, which is proposed to combine the advantages of impreg-
nation and photodeposition in the interface strong interaction and
homogeneous dispersion respectively. Furthermore, our approach
shows a good generality and can be easily extended into other sys-
tems. Our work may provide an alternative method to fabricate
promoted photocatalytic systems.

0
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Rate of H, Evolution (umol/h)
[5) =

=

Noseed Pt Ru Rh Ni
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Fig. 5. Rates of H; evolution over Pt(Imp-PD)/TasNs photocatalysts with no seed or
with different metal seeds; the photodeposition Pt cocatalyst is fixed at 1.0 wt%.
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