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Abstract: Two kinds of platinum catalysts with different morphologies were prepared by loading platinum atoms on

titanium dioxide nanosheets via electrostatic adsorption. Scanning electron microscope (SEM), X-ray powder diffrac-

tion (XRD) and transmission electron microscope (TEM) characterization show that the morphology and structure of

platinum could be controlled by changing the platinum loading. With low Pt loading (0.2wt%), the platinum atoms

were mainly nanoclusters with a radius of about 2 nm. When the Pt loading increased to 1wt%, the platinum atoms

stack into nanoparticles on the titanium dioxide nanosheets. The catalytic hydrogen evolution activity of titanium di-

oxide nanosheets can be improved obviously by regulating the platinum loading and nanostructure. Under AM1.5 solar

light, the Tafel slope of both catalysts were less than 100 mV/dec, i.e. 56 and 90 mV/dec, respectively. Compared with

TiO,-Pt1% catalyst, TiO,-Pt0.2% has a more ideal metal-semiconductor interface, which is favorable for photogenic

electrons to migrate to the surface of platinum nanoclusters, and thus perform a higher catalytic activity. This experi-

ment provides a new way for preparing platinum catalysts with high efficiency.
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Due to high combustion value and environmental
friendliness, hydrogen is regarded as one of the cleanest
energy sources on the planet!'*. An effective and sus-
tainable approach of hydrogen production is water split-
ting into hydrogen by solar energy. In hydrogen evolu-
tion reaction(HER), suitable catalysts, especially photo-
electrical catalysts play a crucial role”®. Highly effective
photoelectrochemical catalysts could contribute an extra
energy conversion effect compared with individual elec-
trochemical process.

Over the past decades, anatase titanium dioxide has
been proven to be a prospective candidate for photoelec-
tric catalysis, considering its relatively high catalytic
preference, low toxicity, excellent stability, cost-effectiveness

and appropriate band gap!®”.

Meanwhile, many re-
searchers demonstrated that the morphology characteris-
tics of titania have a significant or even decisive impact
on its catalytic performance.

Despite its high cost, platinum, still holds the state-of-art

catalytic activity among hydrogen evolution catalysts. By
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introducing Pt related catalysts, HER can be well per-
formed within an extremely low overpotential and Tafel
slope (energetic kinetics)!"*'?. With the aim to promote
HER efficiency, platinum benefited with effective elec-
trochemical activity was integrated into efficient photo-
catalytic titanium dioxide, which could considerably
perform a desirable photoelectrochemical catalysis. In
this work, sized controlled Pt decorated TiO, was dem-
onstrated, in which electronic state of the loaded Pt was
further regulated via size control to perform distinct
catalytic performance.

1 Experimental

1.1 Synthesisof Pt modified titania nanosheets

All chemicals were of analytical grade and used with-
out further purification. Titania nanosheets were prepared

31 To decorate

via the method reported elsewhere
nanosheets with Platinum, a conventional impregnation

procedure was used. Typically, 40 mg of the as-synthesized
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as-synthesized titanium dioxide nanosheets was redis-
persed in 10 mL DI water by ultrasonication for 30 min.
0.2wt% or 1wt% of chloroplatinic acid aqueous solution
was carefully dipped into the suspension, which was kept
for 2 h in order to make the platinum atoms tightly ad-
sorbed onto the nanosheets. After centrifugal washing
with DI water three times, the precipitate was collected and
dried at 80 C overnight in vacuum. The catalysts ob-
tained were denoted as TiO,-Pt x%, where x% indicated
weight percentage of platinum on surface of titania
nanosheets which was determined by ICP-AES.

1.2 Characterization of the catalysts

XRD pattern was performed using a Bruker
D8-Advance with Cu Ko radiation (A=0.1542 nm, 40 kV,
40 mA). The morphology and structure of the obtained
catalysts were investigated via a Hitachi model SU-8010
SEM and JEOL-2100F high-resolution TEM operated at
10 and 200 kV, respectively. The High-Angle Annular
Dark Field-Scanning transmission electron micros-
copy(HAADF-STEM) images were performed via a Ti-
tan 80-300 scanning/transmission electron microscope
FEI Titan G2 80-200 operated at 200 kV, equipped with a
probe spherical aberration corrector.

1.3 Measurement of HER activity

The catalyst modified GCE (glassy carbon eletrode)
was prepared through drop-casting method. Typically, 5 mg
catalyst was suspended in 2 mL water/Nafion solution
(9/1, V/V) under sonication to produce homogeneous ink,
which was subsequently coated on a glassy carbon elec-
trode and dried in an ambient environment. All photonic
electrochemical experiments were conducted on a CHI660
electrochemical station with a three-electrode system in
0.5 mol/L H,SO, electrolyte. The decorated GCE (3 mm
in diameter), a Ag/AgCl (with saturated KCl) electrode
and a graphite rod were utilized as working electrode,
reference electrode and counter electrode, respectively.
The corresponding electrode potential was converted as
Vrur= Vagagert0.0591pH+0.197.

Xenon lamp (PLS-SXE300, Beijing Perfect Light)
was utilized as the light source. Before the test, the elec-
trolyte was stirred with a magnetic bar for 20 min to
make sure the baseline run steady. During the test, a
plastic lightproof baffle was put between the light and
the electrode. The light was manually switched on and
off every 50 s to evaluate the photoelectrocatalytic activ-
ity. The cyclic voltammetry was conducted between 0
and —0.4 V versus Reversible Hydrogen Electrode(RHE)
at a scan rate of 5 mV/s.

2 Resultsand discussion

The specific surface area of titanium dioxide has great

influence on electron-hole separation and photocatalytic
reactivity!'*. Generally, larger surface-to-volume renders
the higher catalytic activity. Due to large specific surface
area, nanosheets were selected for the substrates of
platinum atoms in the experiment. Furthermore, platinum
possessed distinct electronic state could dramatically
affect catalytic performance of the composite catalyst'>"'7),
2.1 SEM micrograph of the catalysts

Initially, the layered morphology of titanium dioxide
could be easily demonstrated via SEM, as shown in Fig. 1(A).
This structure of nanosheets would render large specific
surface area and thus provide a flat plane for loading
platinum. Furthermore, a desired light absorbed surface
could promote the light induced electron-hole conversion
efficiency!"®. It should be noted that no obvious particle
was recognized, illustrating that the loaded Pt dispersed
in a tiny size.
2.2 XRD patterns of the catalysts

XRD was conducted to investigate the crystallinity
and lattice structure of the as-synthesized catalysts. Fig. 1(B)
reveals that diffraction peaks at 26=25.28°, 37.96°,
48.07°, 53.85°, 55.06° and 62.60° could be well indexed
to anatase crystals (JCPDS 21-1272), attributing to crys-
tal planes of (101), (103), (200), (105), (211) and (204)
crystal planes, respectively. Apparently, Pt decoration did
not change the anatase crystalline, and the crystalline of
the loaded Pt was not detected, since relative low amount
of Pt was introduced, and long-range order of Pt lattice
was undominated.
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Fig.1 (A) SEM image and (B) XRD patterns of Pt modified TiO,
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2.3 TEM micrographs of the catalysts

The high-resolution information of the corresponding
catalyst was further characterized by STEM/TEM. As
shown in the HAADF image, the loaded Pt (Fig. 2(A, C))
with lower amount (0.2wt%) performed as nanoclusters
with a diameter less than 2 nm, while the TEM micro-
graph (Fig. 2(B-D)) of the higher loaded sample (1wt%)
was characterized as a predominance of nanoparticles
with a diameter around 5 nm. The measured interplanar
d-spacing of 0.265 nm can be well indexed to (111)
crystal plane of crystalline Pt.
2.4 HER performancetest of the catalyst

All HER performance tests were conducted at room
temperature in a three-electrode cell, which was attached
to a CHI-660 workstation. First, current-time curve (i-¢
curve) was collected to study the photoelectrocatalytic
activity of pure titania nanosheets and platinum deco-
rated ones. As shown in Fig. 3(A), pure titania
nanosheets (TNS) exhibited the lowest HER activity in
dark, compared with light irradiation condition. It is
noted that the tendency of the i-f curves of both elec-
trodes downwards along the time, while it stables within
the irradiation. The photo-induced stabilization of the
catalytic current could be attributed to the photosensitiv-
ity of TNS, in which the photo-generated electrons pro-
vided extra catalytic current and meanwhile filled the
decay of the electrocatalytic current. The superior photo-
electrocatalytic performance of Pt decorated TNS could
be attributed to catalytic superiority of platinum. Corre-
spondingly, a stabilized current within the light irradia-
tion was also observed, in which the photo-generated

Fig.2 HAADF image of (A) TiO,-Pt0.2%, (B) TEM image of
TiO,-Pt1%, and the corresponding high-resolution regions (C,
D) in (A) and (B), respectively

electrons could energetically transfer to Pt sites and
modify the electron cloud of the catalytic Pt!"”). The
photoelectrons modified Pt presented a relative lower
valence. Thus, the H-intermediates could form in a fa-
vorable kinetic path on Pt, which consequently per-
formed a superior hydrogen evolution catalysis. Fur-
thermore, a periodic i-f curve was obtained (Fig. 3(B)) as
intermittent light was introduced onto the electrode. The
photo-induced current did not increase immediately
when the light was on. This phenomenon might be due to
the abundant electronic valence states of the surface of
titanium dioxide nanosheets. Photogenerated electrons
were probably trapped on the surface of titanium dioxide,
which reduced the lifetime of photoelectrons and lead to
the delay of photocurrent increase. Furthermore, dra-
matically enhanced catalytic current (three-fold) of the Pt
cluster decorated TNS was demonstrated than that of
pure TNS, which presented a prominent light/dark-in-
duced switch ratio.

To get further insight into the mechanism of photo-
induced enhancement, electrochemical impedance spec-
trum was collected. As illustrated in the Nyquist plots
(Fig. 4), the charge transfer resistance (R.) of Pt0.2%
under irradiation was obviously lower than that in dark-
ness. The reason is that the hot electrons excited from the
valance band to the conduction band of TNS could be
utilized as supplementary catalytic species. The lowered
body resistance of the electrode in light might be attributed

25r 1— TiO, dark
A /)
@) 2—— TiO, light
ol 3—— Ti0,-P10.2% dark
4—— TiO,-P10.2% light
3
~ 2504
[}
8 1
é =50 +
g 2
~ 75+
7100 1 1 1 1 1
0 25 50 75 100 125 150
Time /s
or®
— TiO,
_20 _W
& —40 -
§
E’ —60
< 80+
-100 + —— Ti0,-Pt0.2%
—-120 L I I I I
0 100 200 300 400
Time /s

Fig. 3 (A)i-t curves of pure TNS and TiO,-Pt0.2% under con-
tinuous light irradiation or in darkness at —0.2 V external bias;
(B) Periodic light irradiation induced i-¢ curves of pure TNS
and TiO,-Pt0.2%
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Fig. 4 Nyquist plots of glassy carbon electrode modified with
Ti0,-Pt0.2% under light irradiation (red curve) and darkness
(black curve), mass loading of 0.2 mg/cm in 0.5 mol/L H,SO,

to the light-induced hot electrons reduce the interface
resistance of the electrode/electrolyte and GCE/ catalyst
interfaces. As a corollary, this could dramatically facili-
tate the hydrogen evolution from the cathode.

To figure out the dependence of the electrochemical
performance on Pt atomic configuration, the controlled
loading of Pt (0.2wt% and 1wt%) was conducted and the
corresponding CV curves were shown in Fig. 5(A). Fur-
thermore, the samples both present a mixed Heyrovsky-
Volmer and Tafel-Volmer kinetics. It is worth noted that
the TiO,-Pt0.2% performs a preferred Tafel-Volmer
kinetics, which derived Tafel slope (56 mV/dec) is more
superior than that of TiO,-Pt1% (90 mV/dec) in Fig. 5(B).
It’s reasonable that the overpotential is not comparable to
the commercial Pt/C, in which the Pt loading amount in
TiO,-Pt0.2% was far less than the commercial one. As
for TiO,-Pt0.2% and TiO,-Pt1%, these electrodes presented
desired photosensitivity. The hot electrons excited from
the valence band to the conduction band of TiO, under
AM1.5 illumination, and further migrate to the loaded
platinum sites for the more preferred hydrogen evolution
kinetics; whilst, the holes fill the gap for oxygen evolu-
tion reaction on counter electrode, as shown in Fig. 5(C).
Interestingly, TiO,-Pt0.2% with lower Pt loading exhib-
ited a higher catalytic preference than TiO,-Pt1%. This is
probably because that higher loading of Pt converts the
cluster stacking into particles shape, which decreases the
exposed catalytic Pt sites, as more Pt atoms are packaged
inside!®”’. Moreover, the photo-generated electrons transfer
could be obstructed, since a relative lower metal-semi-
conductor interface ratio per Pt atoms could be
demonstrated (Fig. 2). Therefore, a mass loading
regulated Pt configuration could lever the photoelectro-
catalytic preference in the Pt decorated TNS system!*'!.

3 Conclusion

In summary, titania nanosheets modified with platinum
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Fig. 5 (A) Linear sweep voltammetry (LSV) curves of glassy
carbon electrode modified with pure TiO,-Pt0.2% or TiO,-Pt1%
(mass loading of 0.2 mg/cm in 0.5 mol/L H,SO,); (B) corre-
sponding Tafel plots; (C) Proposed schematic route of the
photocatalytic process with Pt cluster decorated TiO, nanosheets
as the cathode and graphite rod as the anode

provided enhanced photoelectrocatalytic activity for hy-
drogen evolution reaction as compared with pure TNS.
Furthermore, mass loading was conducted to regulate the
atomic configuration of the induced platinum. TiO,-
Pt0.2% presented a cluster configuration, while higher
loading stack into the nanoparticle framework. The dis-
tinct atomic geometry levered the photoelectrochemical
catalytic kinetics, and the cluster configuration presented
a favored catalytic performance. These results have sig-
nificant implications for the design and optimization of
the atomic configuration for superior electrocatalysis or
photoelectrocatalysis.
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