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Novel photocatalysts MLaSrNb,NiOg (M = Na, Cs, H) were prepared for H, evolution from an
aqueous methanol solution under both UV and visible light (> 420 nm) irradiation. CsLaSrNb,NiOgy
(CNO) with a 2D layered structure (similar to that of CsCa,Nb3O;,) shows a much higher activity
than the NaLaSrNb,NiOy (NNO) photocatalyst that consists of a 3D cubic perovskite crystal
structure (ABO3;). Experimental results show that Csions in CNO can be replaced by protons using a
1.0 M HNOj solution, forming a new photocatalyst, HLaSrNb,NiOy (HNO), whereas Na™ in NNO
cannot be exchanged by H" under the same conditions. Results show that partially exchanging Cs
ions with protons significantly improves the photocatalytic activity of CNO-based photocatalyst. It
is found that the higher activities of CNO and HNO compared with that of NNO are attributed to
larger surface areas and the 2D layered structure.

1. Introduction

Recently, photocatalytic water splitting has received
special attention, as it could potentially provide a clean
and renewable resource for the production of hydrogen
fuel.! However, as compared with the application of
photocatalytic oxidation in the abatement of volatile of
organic pollutions, water splitting into H, and O, requires
a large positive Gibbs energy (AG® = 237 kJ/mol). This
makes water splitting more difficult to achieve than the
photocatalytic degradation of air pollutants. Recently,
Sayama, Arakawa, and co-workers proposed an interest-
ing Z-scheme concept for water splitting using a two-
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photon excitation process.'® This system consisted of a
Pt/SrTiO5:Cr,Ta photocatalyst for H, evolution and a
WOj; photocatalyst for O, evolution via an IO; /I redox
couple as sacrificial reagents. The mechanism of hydro-
gen production by a Z-scheme method over two photo-
catalysts can be written as

_ Pt/SrTiO;:Cr, Ta+ hv
6H" +6e~ ————— 3H,

Pt/SrTiO5:Cr, Ta + hv
ekttt B

I”+60H™ +6h™ 105 +3H,0
105 +3H,0 4 66— 1= 4 60H"
60H ™ + 6h" —— 2t % 0, +3H,0

To accomplish photochemical water splitting via the
Z-scheme method, photocatalysts with higher activities for
O, and H, evolution are indispensable. It should be pointed
out that the development of any new photocatalyst, even
when based on a sacrificial reagent, could enhance our
understanding of searching for a highly efficient overall
water splitting photocatalyst. Thus, developing novel active
photocatalysts for hydrogen generation or oxygen genera-
tion using a sacrificial material is still of great interest.
Since the early 1970s,>~7 a variety of active photocata-
lysts have been reported for water splitting or hydrogen
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production using sacrificial reagents. In particular, 2D
layered photocatalysts have been the focus of research in
this area because their negative perovskite-like layers are
believed to facilitate the separation of photogenerated
electron—hole pairs that leads to the high activity of the
photocatalyst. Furthermore, the optimization of chemi-
cal composition and microstructure by means of ion
exchange is a useful approach in designing novel and
high efficiency 2D layered photocatalysts. However, most
of the reported 2D layered photocatalysts were active
only under UV light irradiation. It is noted that although
the RbPb,Nbs;O;, photocatalyst showed visible-light-
driven photocatalytic activity for H, evolution from
aqueous methanol solutions, the H, evolution rate was
rather low (4 umol/h).” Until today, the development of
both UV and visible light active 2D layered photocata-
lysts are still the focus in this field because of the advan-
tage of the 2D layered structure.

Doping active UV-light-driven photocatalysts with 3D
transition metals is an effective method for the synthesis
of new visible-light-sensitive photocatalysts.'® However,
to the best of our knowledge, the ion doping method has
not been used on 2D layered photocatalysts. It is of
interest to examine whether new visible-light-driven
layered perovskite oxides could be produced by doping
extra 3d transition metals into the perovskite-like host
layers of the 2D layered oxides. Recently, a new com-
pound CsLaSrNb,NiOy (CNO) was reported as a 2D
layered structure similar to that of CsCa,Nb;O,0.” It is
noteworthy that when the alkaline cation Cs in the oxide
was substituted with the smaller Na ions, the crystal
structure changed from the 2D layered structure to a
3D perovskite structure (ABOj3) as that of Pb,MgWOq.
Both CNO and NaLaSrNb,NiOg (NNO) contain large
amounts of 3d transition metal Ni** jons, suggesting that
they could potentially absorb visible light and exhibit
visible-light-driven photocatalytic activity. A preliminary
investigation of the photocatalytic properties of CNO
was carried out earlier.'” The objective of this paper is to
study the preparation and photocatalytic activities of new
NNO and HNO photocatalysts by substituting Cs* with
Na*and H".

2. Experimenal Section

2.1. Photocatalyst Preparation. All of the initial reagents,
Cs,CO3, Na,COs3, La,03, SrCO3, Nb,Os, and NiO, were used
as received without further purification (Wako, 99.9% purity or
higher). CNO and NNO were prepared according to the litera-
ture’ the stoichiometric mixtures of the starting materials were
ground and mixed thoroughly in an agate mortar. An excess
amount of Cs,CO; or Na,CO3 (40 mol %) was applied to
compensate for the loss of Cs and Na volatilization. The well-
mixed powders were calcined at 1300 °C for 10 h. The resulting
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powders were then collected and washed with distilled water and
air-dried at room temperature. The composition of as-prepared
CNO and NNO was confirmed by elemental analysis using the
Inductively Coupled Plasma Spectrometry (ICP). The proto-
nated derivative oxide, HNO, was obtained by leaching the
CNO powders in an HNO; aqueous solution: two grams of as
prepared CNO powders were dispersed in 200 mL of a 1.0 M
HNOj; aqueous solution and stirred at room temperature for
72 h. To determine whether or not Na® in NNO can be
protonated, 2 g of NNO powder was treated with HNOj; acid
under the same conditions and the content of Na™ in the NNO
was then measured.

2.2. Photocatalyst Characterization. The structures of the
prepared samples were confirmed by the X-ray diffraction pat-
tern (JEOL JDX-3500 Tokyo, Japan). UV—vis diffuse reflec-
tance spectra were recorded using a UV/vis spectrometer (UV-
2500, Shimadzu) and were converted to absorption spectra by the
standard Kubelka—Munk method. A field-emission scanning
electron microscope (FE-SEM, JEOL-JSM 6500F) and a trans-
mission electron microscope (TEM, JEOL JEM-2000FX), oper-
ated at 200 kV, together with selected area electron diffraction
(SAED) were used to determine the microstructure of the photo-
catalyst powder sample. The specific surface areas were measured
by the conventional Brunauer—Emmett—Teller (BET) method
(Gemini 2360, Shimadzu). Raman spectrum measurements were
performed using a laser Raman spectrophotometer (Jasco NRS-
1000) at room temperature.

2.3. Photocatalytic Reactions. Photocatalytic reactions were
carried out in a gas-closed-circulation system. Before light irra-
diation, 2.5 kPa Argon gas was introduced into the evacuated
system. The photocatalytic activity of the photocatalyst under
UV lightirradiation was measured using an inner irradiation type
Pyrex cell with a 400W high-pressure Hg lamp (RIKO 400HA).
The photocatalytic reactions for hydrogen production under
visible light irradiation (4>420 nm) were recorded in a side
window Pyrex cell. The light source was a 300 W Xe arc lamp
attached with a cutoff filter (HOY A, L42). The evolved gas was
determined by gas chromatograph (Shimadzu GC-8A) equipped
with a thermal conductivity detector, which was connected to the
system with a circulating line. For photocatalytic H, production
from aqueous CH;OH solutions, Pt cocatalyst was loaded onto
the surface of as prepared photocatalyst by an in situ photo-
deposition method. In detail, an aqueous solution containing an
appropriate amount of H,PtCls.6H,O was mixed into the reac-
tant solution. Under light irradiation, the metallic Pt could be
generated from the solution and deposited onto the surface of the
photocatalysts. The photocatalytic O, evolutions were performed
in an aqueous Ce(SQOy,), solution.

3. Results and Discussion

3.1. Materials  Characterization. 3./.1. Structural
and Morphology Analysis. The obtained powders were
all well-crystallized and the elemental analysis results are
shown in Table 1. The results show that as prepared CNO
and NNO closely match theoretical compositions. It
should be pointed out that although additional 40 mol
% Cs,CO5; and Na,CO; were used for the preparation of
NNO and CNO, unreacted Cs,CO5 and Na,CO; could be
dissolved in water and separated from NNO and CNO
samples. Consistent with the results reported by Gopalak-
rishnan et al.,” the XRD patterns of NNO can be indexed
with a cubic perovskite structure (ABOs3) (¢ = 3.96 A),
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Table 1. Chemical Compositions of As-Prepared NaSrLaNb,NiOg and
CsSrLaNb,NiOy Photocatalysts

Na or Cs Sr La Nb Ni

sample (Wt%) Wt%)  (wt%)  (wt%)  (Wt%)
NaSrLaNb,NiOy  Na: 3.6 13.7 21.8 29.1 9.2
Na: 3.6 13.2 21.2 28.7 9.2
CsSrLaNb,NiOg Cs: 17.8¢ 11.7 18.6 24.8 7.8
Cs:17.9" 104 18.5 25.3 8.3

“Calculated on the basis of the molecular formula. ? TCP analytical
results.
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Figure 1. (a) TEM image of CsLaSrNb,NiOy; (b) TEM image and
electron diffraction of HLaSrNb,NiOy; and (c) SEM image of
NaLaSrNb,NiO,.

whereas CNO is a tetragonal cell (¢ = 3.97 A c=225 A)
with a 2D-layered crystal structure that is similar to the
structure of CsCa,Nb;O;o or CsSroNb;O;0.5” However,
the structure of NNO was identified as (NaLaSr)-
(Nb,Ni)Og with a 3D cubic ABO; perovskite crystal
structure. The schematic crystal structures of CNO and
NNO are shown in Figure S1 of the Supporting Informa-
tion. Additionally, TEM images show that CNO consisted
of tabular particles up to 0.3 um in length (Figure 1a).
As for NNO, the prepared powder sample consisted of
large-sized particles (up to 1 um) with irregular shapes
(Figure 1c).

One of the important properties of the layered perov-
skite oxides is that the interlayer alkali metal ions can be
replaced by protons in aqueous acidic solutions, forming
a corresponding protonated derivative (i.e., CsCa,N-
b30;ochanges to HCa,Nb;O(), which is a solid Bronsted
acid that exhibits intracrystalline reactivity and intercala-
tion behavior that is similar to that of clay minerals.'! In
this research, CNO was dispersed and stirred into a
200 mL of 1.0 M HNOj; solution for 72 h. The Cs™
in CNO can be partially exchanged with protons to
produce protonated derivative H,Cs;_,LaSrNb,NiOy.
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Common Met. 1986, 116, 137.

Chem. Mater., Vol. 22, No. 3, 2010 1109

820.2

434.6 164.3

T T T T

T T
1000 800 600

T T

T T T
1200 400 200

Raman Shift cm”

Figure 2. Raman spectra of as-prepared catalyst powders: (a) NaLa-
SrNb,NiOy, (b) HLaSrNb,NiOy, and (¢) CsLaSrNb,NiOg.

For simplicity, we define it as HLaSrNb,NiOy (HNO).
On the other hand, however, Na* in NNO cannot be
replaced by H" to form HNO under the same conditions.
As shown in Figure S2 of the Supporting Information, the
Raman spectra of NNO do not change before or after the
acid treatment. However, the 925.1 cm™ ! Raman absorp-
tion of CNO was shifted to 961.2 cm ™" (Figure 2). The
TEM images and the orderly shaped SAED patterns
suggested that as prepared HNO photocatalysts still
maintained a good crystallinity (Figure 1b).

3.1.2. Raman Spectra of the Prepared Photocatalysts.
Raman spectral features are sensitive to the crystal struc-
ture of the metal oxides. A slight structural change origi-
nating from the interaction between interlayers can affect
the Raman spectra of a layered oxide. Figure 2 shows the
Raman spectra of as prepared CNO, NNO, and HNO
photocatalysts. The Raman spectrum of NNO shows three
sharp peaks centered at 820.2, 434.6, and 164.3 cm™'. The
position of these Raman absorptions was found to be
similar to those of other complex cubic perovskite oxides
A(B'.B;_,)0; (i.e., PboMgWOy)."> In contrast, CNO
shows a complicated Raman spectrum, which is similar
to that of a typical 2D-layered oxide, ACa,Nb3;O;y (A =
alkali metal)."® According to the assignments of ACa,N-
b30;¢ (A = alkalimetal) Raman spectra, the sharp Raman
band around 925.1 cm ™' of CNO can be attributed to the
vibrational mode of the Nb—O terminal bond of the outer
Nb(Ni)Og octahedra in CNO oxides.”"

(12) Baldinozzi, G.; Sciau, P.; Bulou, A. J.Phys.: Condens. Matter 1995,
7, 8109.
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S.-H.; Nam, H.-J. Chem. Mater. 2000, 12, 1771.
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Note that no significant changes in Raman spectra were
observed before or after acid treated CNO samples.
However, the Raman absorption peak at 925.1 cm ™',
which was assigned to the terminal Nb—O bond, was
shifted to 961.2 cm™'. The terminal Nb—O bond is
affected by neither the expansion of the perovskite layer
nor by the change of interlayer space. It is also constant
regardless of the identity of the alkali-metal layers.'*° The
shift in the Raman absorption spectrum of the terminal
Nb—O bond was attributed to the substitution of alkali
ions by the protons in the layered oxides. As mentioned
previously, the alkali metal ions in its layered oxides can
be replaced by protons. The interlayer proton is assumed
to stabilize the terminal oxygen atoms by forming an
—OH group interacting with the oxygen atom in the
adjacent layer. This results in the shift of the Raman
band.'** However, the major Raman absorption spectra
of CNO remain unchanged, suggesting that the substitu-
tion of H' has little or no effect on the interlayer
structure. In other words, HNO crystal structure main-
tains its layered structure in the CNO photocatalyst.

3.1.3. UV—Visible Absorption Spectra. All as prepared
photocatalyst samples possess steep edges in their
UV —visible absorption spectra. This indicates that the
light response to NNO, CNO and HNO catalysts is not
caused by impurity of donor levels but by a directed
energy band gap from the valence band to the conduction
band. The band gaps of NNO, CNO, and HNO were
determined to be 2.84, 3.48, and 3.49 eV using the
following equation

o = A(hv —Eg)"? /hw

where a, h, v, E,, and A are absorption coefficient,
Planck’s constant, light frequency, band gap, and a
constant, respectively. The value of n was determined to
be 1 for these catalysts from the UV—visible absorption
spectra. As shown in the inset of Figure 3, three photo-
catalysts demonstrate the ability to absorb visible light,
because a broad hump around 700 nm and a small hump
from 387 to 455 nm appear in the UV —visible absorption
spectra. Consistent with the different UV —visible diffuse
reflectance spectra, the color of NNO is brilliant green,
whereas CNO and HNO are grayish green. The band gap
of a transition metal oxide was generally defined between
the d level of the transition metal and the 2p level of the O
atom.'* However, when the oxides contain metals with
the d orbital partially occupied, the electronic structure
will be strongly influenced by those transition metals.
The visible light response abilities of these oxides were
assumed to be due to the splitting of the partially occupied
Ni 3d orbitals in the octahedral field.'® Further, the
oxygen defects, formed in the photocatalysts when cal-
cined at high temperature (1300 °C), could affect the
formation of the broad absorption hump around
700 nm and the different background for these materials.

(14) (a) Scaife, D. E. Solar Energy 1980, 25, 41. (b) Arima, T.; ToKura, Y.
Phys. Rev. B 1993, 48, 17006.
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Figure 3. UV—visible absorption spectra for (a) CsLaSrNb,NiOg,
(b) NaLaSrNb,NiOy, and (c) HLaSrNb,NiOy. Inset: The enlarged part
of the UV—vis absorption spectra ranging from 320 to 550 nm.

3.2. Hydrogen Production from CNO-Based Photoca-
talysts. Hydrogen production activity of a photocatalyst
is normally measured using methanol as a sacrificial
reagent. The mechanism of hydrogen production from
an aqueous methanol solution over photocatalysts can be
written as

photocatalyst + hv — photocatalyst +h" +e~
2h* + CH30H — CH,O +2H™
4h"™ 4+ CH,0 +H,0 — CO, +4H"

6e” +6H" — 3H2T

The overall reaction for hydrogen evolution is
CH;OH + H,0 — 285 €0, | 31,1 Figure 4a
shows UV-light photocatalytic hydrogen production from
an aqueous methanol solution in the presence of Pt loaded
CNO photocatalyst (Pt/CNO). The rate of H, production
was about 1242 umol/(h gcaalys) and it remained constant
during the reaction. In contrast, the rates of H, evolution
over other 2D layered photocatalysts, such as KCa,N-
b3010, CSCasz3010, KSerb3010, and KxLaI,XCaHX-
Nb3Oq9 (x = 0.25,0.5, 0.75), were reported to be less than
215 umol/(h gearalys) under similar conditions.'® After
evacuating the reaction system and rerunning the experi-
ment, an almost identical gas production rate was
achieved. Nearly 4000 umol of H, were collected during
a 6.5 h experiment. In this reaction, the molar ratio of the
total hydrogen evolved to the photocatalyst (670 umol)
used is about 6. In terms of the reacted electrons
relative to the amount of Pt loading on the surface of
the photocatalysts, the turnover number exceeded 620.
This indicates that the H, produced does result from a

(15) (a) Takata, T.; Tanaka, A.; Hara, M.; Kondo, J. N.; Domen, K.
Catal. Today 1998, 44, 17. (b) Domen, K.; Ebina, Y.; Ikeda, S.; Tanaka,
A.; Kondo, J. N.; Maruya, K. Catal. Today 1996, 28, 167.
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Figure 4. (a) Photocatalytic hydrogen production from an aqueous
methanol solution. (Photocatalyst: 0.5 g of Pt (0.5 wt %)/CsLaSrNb,.
NiOy. Light source: 400 W high-pressure Hg lamp. Solution composition:
370 mL o 3.3 M CH;0H aqueous solution) (b). Photocatalytic oxygen
production from an aqueous cerium sulfate solution. (Photocatalyst:
0.5 g of CsLaSrNb,NiOy. Light source: 400 W high-pressure Hg lamp.
Solution composition: 370 mL of 8.2 mM Ce(SO,), aqueous solution.).

photocatalytic reforming of CH3OH rather than from
decomposition of the photocatalyst. The XRD patterns
of CNO supported this conclusion because they remained
unchanged before and after H, production.

The photocatalytic activity of CNO-based photocata-
lyst for oxygen production was detected using Ce(SOy),
as the sacrificial material (Figure 4b). The overall reaction

for the oxygen production'® is

photocatalyst

4Ce** +2H,0 4Ce* + Ot +4HT

hv
Figure 4b indicates that CNO based photocatalyst can
serve as a water oxidation photocatalyst and show a long-
term activity for photocatalytic O, production from an
aqueous Ce(SOy), solution under UV-light irradiation.
Similar results were also obtained when AgNO; was used
as a sacrificial reagent. As shown in the Supporting
Information, Figure S3, CNO shows a high activity for
O, evolution from aqueous AgNOj; solution under UV
light irradiation. It should be pointed out that the decline

(16) Zhigang,Z.;Jinhua, Y.; Ryu, A.; Hironori, A. Catal. Lett. 2000, 68,
235.
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Figure 5. Hydrogen evolution from an aqueous methanol solution.
Photocatalysts: (a). 0.2 g of Pt(0.5 wt %)/HLaSrNb,NiQOy, (b) 0.5 g of
Pt (0.5 wt %)/CsLaSrNb,NiOg, and (c) 0.5 g of Pt (0.5 wt %)/
NaLaSrNb,NiOy. Light source: 400 W high-pressure Hg lamp. Solution
composition: 370 mL of 3.3 M CH;0H aqueous solution.

of the oxygen evolution rate in Figure S3 of the Support-
ing Information results from the light blockage effect
when fine Ag particles are formed during the oxygen
production process.

3.3. Effect of Na, Cs, and H Cations on the Photocata-
lytic Activities of MLaSrNb,NiO¢-Based (M = Na, Cs, H)
Photocatalysts. As mentioned previously, the crystal
structure of MLaSrNb,NiOg based photocatalysts is
dependent on the alkaline cations in the M sites of
MLaSrNb,NiOy. Cs ions occupy the M sites in CNO
with a 2D layered perovskite structure that is similar to
the structure of CsSr,Nbs;O;,, whereas NNO with Na
ions in the M sites shows a 3D-cubic perovskite structure
similar to the structure of A(B'B;_,)Os, such as
Pb,MgWOsq.'? It is of interest to compare the photocata-
lytic activities of these oxides with similar compositions
but different crystal structures. Figure 5 shows the effect
of Na and Cs on the hydrogen production activities of
MLaSrNb,NiOy-based (M = Na, Cs, H) photocatalysts.
The hydrogen evolution rate of Pt/NNO (330 umol/
(h gcatalyst)) s much lower than the rate of 1242 ymol/
(h geatatyst) for Pt/CNO. One reason for the higher photo-
catlytic activity of the 2D layered crystal structure of
CNO is that it possesses negative perovskite-like layers
that facilitate the separation of photocatalytically gener-
ated electron—hole pairs.>® The second reason is the
larger surface area of CNO (6.1 m?/g) as compared to
1.3 m?/g of NNO (Table 2). A large surface area in a
photocatalyst enhances its absorption of reactants and
improves its photocatalytic activity.!”

It is noted that a new-layered perovskite oxide HNO
could be prepared by exchanging Cs* in CNO with H"
from an acidic solution. However, HNO could not be
synthesized by treating NNO with the same acid. Figure 5
shows that the rate of hydrogen evolution for the proto-
nated CNO (HNO) is significantly increased, whereas the
rate remains unchanged for acid-treated NNO photocata-
lyst. This result indicates that HNO exhibits a significantly
improved hydrogen evolution rate (15 000 umol/(h geatatyst))

(17) Yao, W. F.; Iwai, H.; Ye, J. H. Dalton Trans. 2008, 1426.
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Table 2. Hydrogen Evolution Rates and the BET Surface Areas of
MLaSrNb,NiOg (M = Na,Cs,H) Photocatalysts

rate of H, evolution

UV light irradiation visible light irradiation® BET

Composition (,Mm()l/(h gcatﬂlysl)) (ﬂmOI/(h gculﬂ]yst)) (mz/g)
NaLaSrNb,;NiOg 330 1.3
CsLaSrNb,NiOy 1242 0.6 6.1
HLaSrNb,NiOg 15000 3.0 26.7

@The light source is a 400 W high-pressure Hg lamp. ® The light source
is a 300 W Xe arc lamp attached with a cutoff filter (HOYA, L42)
(A > 420 nm).

/L

7/

—~ 30000 H . ) i ]
3 r System evacuation ' SystemAevacuatlon
5 1 ' '

K 1 |

o 25000 - H |

= u i

o ! ! A

i 20000 4 : Dark i

= i 0

S 1T " iA

2 15000 / ! !

= 1 1

S "o LA

© 10000 1 H

c 1 i

[0) i il

o ! H

O 5000 m i i

1 |

E / ‘ l/

= ] H H

- °'¥ﬁ—|—'—+—'—|—'—|—'—|—"|—'ﬂ’a’ i

TrrTr T r T rrrr o r T
5 6 65 66 67 68 69 70 71 72
Reaction Time (hour)

o
N
[N
w
IS

Figure 6. Hydrogen evolution from an aqueous methanol solution.
(Photocatalysts: 0.2 g of Pt(0.5 wt %)/HLaSrNb,NiOy. Light source:
400 W high-pressure Hg lamp. Solution composition: 370 mL of 3.3 M
CH30H aqueous solution).

in comparison with that of the CNO-based photocatalyst
(1242 pmol/(h geataryst))- The quantum efficiency of hydro-
gen production over Pt/HNO photocatalyst, calculated
using the following definition

no. of electrons

"= no. of irradiated photons

__no. of hydrogen atoms generated
N no. of irradiated photons

was 42.3% with the UV irradiation centered at 253.7 nm by a
UV lamp (GL 15, 253.7 nm, Toshiba). XRD patterns that
remain unchanged before and after the photocatalytic reac-
tions suggest that HNO is a stable photocatalyst without
occurrence of structural degradation during the reaction.
Figure 6 shows that hydrogen evolution is a photodriven
reaction. Hydrogen is produced over the photocatalyst with
the UV light irradiation. After the lamp was turned off ,no
H, evolution was detected for the next 60 h. Upon the lamp
being turned on again, the H, evolution restarted and the
rate approximated that of the first run. The large surface area
(26.7 m?/g) is an important reason attributed to the signifi-
cant increase in the hydrogen production rate for HNO
based photocatalyst. On the other hand, the reactant mole-
cules, i.e., H,O and CH3OH, can be intercalated into the
interlayer space of the protonated niobate layered oxides."®

(18) Ebina, Y.; Tanaka, A.; Kondo, J. N.; Domen, K. Chem. Mater.
1996, 8, 2534.
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Figure 7. Visible-light photocatalytic hydrogen evolution from an aqu-
eous methanol solution. (Photocatalysts: (a) 0.2 g of Pt-0.5 wt %)/
HLaSrNb,NiOy, (b) 0.5 g of Pt-0.5wt.% /CsLaSrNb,NiOy. Light source:
300 W Xe lamp with band filter (1 > 420 nm). Solution composition:
270 mL of 4.5 M CH;OH aqueous solution.).

The migration of reactants into the interlayer space was
assumed to promote the formation of protonated niobate
oxides, facilitating the hydrogen production rate. This is
due to the resulting decrease in the distance between
photogenerated electrons or holes to reactants. For the
unprotonated niobate layered oxides, however, the reac-
tant molecules were hardly intercalated into the interlayer
space because of the high charge density of the niobate
layers.'®

3.4. Visible-Light-Induced Activities of MLaSrNb,.
NiOo-Based (M = Na, Cs, H) Photocatalyst for Hydrogen
Production. Similar to UV light photocatalytic hydro-
gen production, visible-light-induced photocatalyic hy-
drogen evolution was performed using CH;OH as the
sacrificial reagent. Figure 7 shows that hydrogen evolu-
tion over Pt/CNO photocatalyst requires at least 10 h of
light irradiation. Further experiments showed that visible
light photocatalytic hydrogen generation was detected
immediately when light was on for the used Pt/CNO
photocatalysts (after the reaction of H, evolution under
UV light irradiation). The prolonged hydrogen evolution
for the fresh CNO photocatalyst is attributed to the
photoreduction of H,PtClg solution for the formation
of metal Pt particles loaded onto the surface of the
photocatalyst. In contrast, Figure 7 shows that the de-
layed hydrogen production does not apply to Pt/HNO
photocatalyst. The hydrogen production rate of Pt/HNO
is also much higher than that of Pt/CNO under visible
light irradiation. As depicted in Figure 7, the rates of
H, production are about 0.6 umol/(h gcaalyst) and
3.0 umol/(h geatatyst) for Pt/CNO and Pt/HNO photoca-
talysts, respectively. The quantum efficienc of Pt/CNO
and Pt/HNO photocatalysts are too low to measure under
the visible light irradiation. As estimation based on the
quantum efficiencies of the photocatalysts under UV light
irradiation, the visible light quantum efficiencies of these
materials were estimated to be lower than 1%. Although
quantum efficiencies are low, our experimental results
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show that that the visible light activities of H, production
over Pt/CNO and Pt/HNO are stable over 100 h. The
XRD patterns of the photocatalysts remained unchanged
before and after the reaction, implying that the photo-
catalysts are stable for the photocatalytic reaction.

It should be pointed out that the electronic structure of
the transition metal oxides with perovskite structure is
generally defined by the d-level of the transition metal
(such as Ti*", Nb>*, and Ta®") and the 2p level of O
atoms. However, for an oxide-containing transition me-
tals with the d orbitals partially occupied, such as Ni*"
and Cr’", the electronic structure would be strongly
influenced by these ions. Previous studies of Ni-doping
on the photocatalytic properties of TiO, and SrTiOj
photocatalysts have showed that an occupied level was
created in the center of the band gap because of the Ni 3d
band splitting in the oxides,'® which promotes visible-
light-driven photocatalytic activities of TiO» (3.2 e¢V) and
SrTiO;5 (3.3 eV) catalysts. As for CNO and HNO photo-
catalysts, the crystal structure consists of perovskite-like
slabs of composition [LaSrNb,NiOg] interleaved with the
Cs or H cations.” The visible absorption ability of CNO
and HNO catalysts was attributed to the band splitting of
Ni 3d orbitals in the octahedral sites that form new band
levels in the forbidden band of the photocatalysts.'”
Therefore, the visible light driven photocatalytic activity
was influenced by the Ni ions, which are incorporated
into the perovskite-like slabs [LaSrNb,NiOg] of CNO and
HNO photocatalysts. In this paper, we reported for the
first time a 2D layered photocatalyst and its protonated
derivative oxide photocatalysts by incorporating 3d tran-
sition ions into the perovskite-like slabs to have activity

(19) Niishiro, R.; Kato, H.; Kudo, A. Phys. Chem. Chem. Phys. 2005, 7,
2241.
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under visible light irradiation. Considering the large
number of 2D layered oxides and the advantages of the
layered structure for photocatalytic hydrogen produc-
tion, the novel structure with doping transitional metal
ions into a 2D layered metal oxide may point to a new
direction in seeking more efficient visible light active
photocatalysts.

4. Conclusion

In summary, we have found hydrogen and oxygen
production activities from novel MLaSrNb,NiOg-based
(M = Na, Cs, H) photocatalysts. The 2D layered photo-
catalysts, CsLaSrNb,NiOy (CNO) and HLaSrNb,NiOy
(HNO), demonstrate hydrogen production under visible
light irradiation (420 nm). Under UV-light irradiation,
CNO and HNO photocatalysts show much higher hydro-
gen evolution rates than that of NaLaSrNb,NiOg (NNO).
The characterization of the photocatalysts shows that the
higher hydrogen production rate is attributable to the large
surface areas of the photocatalysts and the 2D layered
structure that facilitates the separation of photogenerated
electrons and holes generated by photocatalysts.
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