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0000 “ Preparation of Transitional Metal Oxynitrides, Oxysulfides and
the Photocatalytic Water Splitting Under Visible Light Irradiationd Can Li
ogoooor

(1) Research Content
To investigate the effect of crystalline phase (rutile and anatase) of TiO,
surface on the photocatalytic water reduction.
Search new soft chemical methods for the synthesis of transitional metal
oxynitrides, oxysulfides photocatalyst with strong absorption under visible light.
By doping to adjust the energy level of semiconductor to match the position
of water reduction (H*/H,) and water oxidation (O./H,0).
To explore the mechanism of photocatalysis using time-resolved spectroscopy a

nd in-situ charaterization.

(2) Experiment Section

Commercial P25 was purchased from Degussa. The samples were calcined
at 700°C for 0.5, 1, 3, 12, 36, 72 h, at 500, 600, 700, 800°C for 3 h
and 950°C for 24 h respectively. They were labeled as P-t-700, P-3-T and
P-24-950 respectively.

Y,Ta,OsN, and YTaON, were prepared by heating YTaO,; under an NH;
flow (flow rate: 40-200 ml) at 1123 K for 15 h.

TiN/TiN,O, was prepared in the mild condition by hydrazine sol-gel process,
using H,O as a weak oxidizing agent.

The ZnlIn,S, photocatalyst was prepared at 160°C by the hydrothermal
method, using Zn(NO3),-6H,0, In(NO3);-4.5H,0 excess thiourea as Zn, In
and S source. A yellow precipitate was obtained and then washed with
water and ethanol and dried at 70°C.

The photocatalytic reaction was performed in a Pyrex reaction cell connected
to a closed gas circulation system. Photocatalyst was suspended in 200 ml
water with different sacrificial regent. Pt was loaded by photoreduction

method using H,PtClg solution.
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(3)Results and Discussions

A series of TiO, samples with different anatase-to-rutile ratios were prepared by
calcining the commercial P25 at the different temperature and for the different time.
From Table 1 and 2 it is found that the activity of TiO, is not dependent on the
ratios of anatase to rutile in the TiO, bulk phase. The specific activity per area
increases with the calcination temperature elevated and calcination time prolonged.
For samples calcined at 600 and 700 °C, the high activity of photocatalytic H,
production is related to the formation of a new structure of surface layers. Comparing
UV Raman spectra with Visible Raman spectra, it is possible that this new structure
on the surface layer is avail to photocatalytic H, production for the calcined samples,
although the anatase phase is being transformed to the rutile phase in the TiO, bulk.
The structure of surface layers is different from the anatase and rutile structure in the
bulk. Only one peak at 610 cmis observed in UV Raman spectra. For the sample
calcined at 950°C, however, the structure of surface layers is changed partly to the
rutile structure and the activity decreases drastically from more than 1300 umol/h to
35 umol/h.

Table 1 Concentrations of rutile, specific surface area and activity for samples calcined for 3 h.

Samples rutile  Averageratesof H, BET surface area Specific activity per area
PSS (wi%e) (umol/h) mé/g (umol/h-m?)
P25 20.9 810 53 30.6
P-3-500 26.6 805 51 314
P-3-600 29.2 2333 47 98.4
P-3-700 69.3 2366 30 157.8
P-3-800 100 1231 12 207.6

Table 2 Concentrations of rutile, specific surface area and activity for samples calcined at 700 °C.

Samples rutile  Averageratesof H, BET surface area Specfic activity per area

(Wt%) (umol/h) mélg (umol/h-m?)

P25 20.9 810 53 30.6
P-0.5-700 35.1 1945 45 86.7
P-1-700 46.9 2118 38 111.8
P-3-700 69.3 2366 30 157.8
P-6-700 86.4 1975 23 175.0
P-12-700 90.7 2229 18 244.6
P-36-700 100 1358 14 188.6
P-72-700 100 1203 12 194.0
P-24-950 100 35 24 29.6

The UV-Visible diffuse reflectance spectra of Y,TaOsN, and YTaON, are shown
in Fig.1-A The YTaO, shows the strong absorption in the UV region and its absorption
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edge is about 330 nm. After the nitridation at high temperatures in NHs; flow, the
absorption edge exhibits a significant red-shift into the visible region, and extends
towards a longer wavelength with the ncreasing of N content. Y,Ta,OsN, (Eg = 2.1
eV) is yellowish-green and YTaON, ( Eg = 1.9 ev) is bright red. The narrowing of
band-gap by nitridation is attributed to the hybrid orbit of N2p and O2p in the

valence band.

50 T T 500
4 ——YTa0, 1B A K] —
A YTeON,| B 40- o -/T & 400- C o)
. [ ] f 2
—~ YTaON, 1 Firstrun / 'second rury ! Third run /! ~
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Fig. 1 UV-Vis diffuse reflection spectra of YTaO,,Y,Ta,0,N,and YTaON,(A), and photocatalytic H, (B) and O
(C) evolution over Y. Ta.O._N. catalyst under visiblelight illumination. Catalyst, 0.2g, 300w Xelamp, A > 420 nm.

Photocatalytic H, and O, evolution were performed in 200 ml CH;OH/H,Oand 0.01
M AgNO; solution, respectively. Time courses of H, and O, production on Y ,;Ta,OsN>
under visible light irradiation are displayed in Fig. 1-B and Fig. 1-C, respectively.
The average rate of H, evolution in CH3OH/H,O solution is about 2 umol/h and
keeps steady after photoreaction for 72 h. N, is not detected during the whole process.
These facts indicate that Y,TaOsN, is a stable catalyst under the visible light illumination.
In contrast, Y,TaOsN, shows a high activity for O, evolution in agueous AgNO;
solution with the production of a little amount of N, which might be the anodic-

dissolution of the catalyst. But in the following runs, N, is not detected.

: ‘ N
] Ak . WWWWﬂwj\\wu”){vmw

LI
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Figure 2-1. XRD patterns of the precursor powders
heat-treated in various atmospheres a)UHP-Ar,
b)UHP-N, c¢) anhydrous NHa;, respectively, using
TiCl, as Ti precursor at a specific temperature

Fig. 2-2 XRD Pattern of the TiN,Oy
obtained from the reaction among TiCl,,
N,H, and H,O without any heat treatment

_74_



The characteristic peaks of TiN powder (36.51°, 42.45° 61.72° appearing in three
curves indicate the formation of TiN with good crystallity. In the hydrazine sol-gel
process, when H,O is introduced into the reaction system, the black precipitate becomes
yellow, indicating H,O avails to the formation of Ti-N-O. Fig.2-2 showed Ti-N-O
has emerged athough without any post-treatment. The photocatalytic activity for water-
splitting is under investigation.

During the hydrothermal synthesis of the ZniIn,S,, thiourea was used as sulfur source
and it can coordinate with Zn?* and In*" to form complexes. When the reaction
temperature is raised, the complexes undergo thermal decomposition to release S ions,
which react with Zn** and In®" in the solution to produce yellow ZnIn,S, precipitate.
Fig. 3 shows the UV-visible diffuse reflectance spectra of bulk ZnS and ZniIn,S,
prepared by the hydrothermal method. The absorption edge of ZnIn,S, is in the visible

light and the band gap is 2.3 eV. The narrowing of band gap is due to the contribution

of In5s orbital to the conduction band
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Fig. 3 UV-Visible diffuse refl ection spectra of Fig. 4 Photocatalytic H, evolution over
bulk ZnS and ZnlIn,S, catalyst synthesized by Znin,S, in 0.43M NaS-0.5M NaSO0,
hydrothermal method. solution under visible light illumination.

Fig. 4 displays the short-term photocatalytic H, evolution under visible light
illumination. In fact, H, can be produced with an average rate of 57 umol-h't.g*
over the naked ZniIn,S, catalyst, suggesting that ZnIn,S, itself is an active catalyst
for water reduction under visible light irradiation. Approximately 900 umol H, is
produced in the first 24 h. The turnover number exceeds 2 in the first cycle, indicating
that the reaction proceeds photocatalytically. In the second and third cycle, the

average rate of hydrogen evolution is increased from the low rate of 107 pmol-h*.g*
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in the induction period to 130 and 213 pumol-h.g™ respectively. The higher rate in
the third cycle indicates that the activity of ZnIn,S, photocatalyst has the tendency
to increase with the prolonged photocatalytic reaction time. After the photocatalytic
reaction in the fourth cycle, the activity of the photocatalyst was recovered in the
fifth cycle and H, evolution rate further increased and eventually reached the
maximum of 257 umol-h™.g* in the sixth cycle. This phenomenon is quite different
from the usual metal sulfides, which generally show a decline in activity during the

photocatalytic reaction. After the photocatalytic reaction for 150 h, more than 8.7

mmol H; is produced over 0.3g 2 wt% Pt-ZnIn,S, catalyst, corresponding to TON
of 24. There was no difference in XRD patterns of the catalyst before and after
the photoreaction for 150 h, confirming the photocatalyst is essentially stable.

Summary

1. The activity of TiO, for H, production is more dependent on the crystaline phase
of the surface layers than on the crystalline phases in the TiO, bulk. This
beneficial structure on the surface layers can be obtained by calcinating P25 at
appropriate temperature and time.

2. Y,Ta,OsN, and YTaON, prepared by nitriding the YTaO; in NH; at high
temperature show high photocatalytic activity for H, and O, evolution in the
presence of methanol and AgNOs.

3. XRD confirm that TiN and TiOxNy can also be prepared by the mild soft

chemical reaction.

4. ZnIn,S, synthesized by the hydrothermal method is a novel photocatalytst which

shows high activity for H, production under visible light illumination.

Next Plans of our work

1. Continue to search new semiconductor materials showing high activity for water
splitting under visible light irradiation.

2. Explore the mild chemica method to prepare the photocatalyst with high activity.

3. Extend the hydrothermal synthesis method to other multicomponent metal chalcogenide
semiconductors which need rigorous reaction condition.

4. Timeresolved spectroscopy will be applied in the near future to study the mechanism
of photocatalysis such as charge transfer, the recombination between photo-generated

electron and hole and the migration of electron in the CB.
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