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The structure of nickel-loaded K.NbhO I7 photocataly,t 10 an overall water splittmg reaction was 
studied by means of XPS. EXAFS. TEM. and XRD. K.Nb,017 has an ion-exchangeable layered 
structure which po"esses two different kinds of alternatmg mterlayer spaces. I.e. mterlayers I and 
II. where K' ions are located. The interlayers are hydrated in an aqueous solution. It was revealed 
that in the active catalyst which was pretreated by H, at 773 K for 2 hand reoxidized by 0, at 473 K 
for I h, loaded nickel is predommantly located in interlayer I a, ultraflne metal particles (ca. 5 Al. 
In contrast. only a very small amount of nickel was observed over the external .,urface of 
K.Nb60 17 . On the basis of the structure. a novel mechanism for the photodecomposition of H,O 
mto H, and 0, is proposed; I.e .. intercalated water is reduced to H, in interlayer I and is oxidized to 
0, in interlayer II. Therefore, each nlObate macroanion sheet IS regarded as a "two-dimensional" 
photocatalyst where H, and 0, evolve at different "des of the layer. < 19X9 A,adem1c Pre". Inc 

INTRODUCTION 

The photodecomposition of water has 
been extensively studied on various sys
tems (/); however, a sustained and overall 
water splitting into H~ and O2 has been ac
complished in only a limited number of 
cases (2-6). Most of these systems use 
semiconductor particle based-photocata
Iysts. An accepted reaction mechanism in 
general seems to be based on a photo-pro
duced electron-hole pair separation. This is 
caused by an electronic band structure of 
the semiconductor interface with a solu-
tion. It is the mechanism which was origi
nally designated for a semiconductor pho
toelectrode (7). At the present stage, 
however, the quantum efficiency (qe) for an 
overall water splitting is still very low (qe s 
1%) over such a semiconductor particle 
photocatalyst, while high qe (>50%) is of
ten obtained by the addition of a so-called 
"sacrificial reagent." This suggests that 

I To whom correspondence should be addressed. 

337 

photo-excited electrons and holes can be 
well separated in a small semicondutor par
ticle and that they are available at least for 
an irreversible chemical reaction. It is, 
therefore, inferred that a low efficiency of 
photodecomposition of water into H~ and 
O2 is mainly due to a rapid back-reaction 
between products and/or reaction interme-
diates over a small particulate system (8). 
Thus, a critical problem to be accomplished 
for an efficient up-hill reaction is to prevent 
such a thermodynamically favored back-re
action. 

Recently we have reported that K4 
Nbo0 17 loaded with nickel is a novel photo
catalyst for the decomposition of water into 
H~ and O2 (5). It has also been found that 
the K4Nb60 17 photocatalyst has several re
markable differences from catalysts based 
on other semiconductor particles such as 
TiO~ and SrTi01• As for the structure of 
this material it is known that A4Nb60 17 (A 
= K, Rb, Cs) are layered compounds (9), 
and A + ions are replaced by various cations 
(/0, J J). Gasperin and Le Bihan have clari-
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fied the structures of some of these com
pounds (9). According to their results, cor
rugated niobate sheets are stacked along 
the b-axis of an orthorhombic unit cell and 
form four interlayer spaces which are clas
sified into two types. It is also known that 
alkali ions are distributed in these spaces. 
The first interlayer space (denoted as inter
layer I) has a capacity to take up water mol
ecules, but the second layer (interlayer II) 

is not hydrated under ambient conditions. 
Kinomura e( al. investigated ion-exchange 
reactions of K4Nb/i017 . nH20 with Li+, 
Na +, Ca2+, and Ni2+ ions (/ /). They found 
that K + ions were replaced by Li + and N a + 
ions in both interlayers I and II while Ni 2+ 
ions replaced K + ions only in interlayer I. It 
is notable that interlayer II, where the K + 
ions were replaced by Li + or Na + ions, was 
also hydrated in aqueous solution. 

According to our previous work (5), 
K4Nb(,017 immersed in distilled water itself 
exhibited an activity of simultaneous evolu
tion of H2 and O2 under the band gap (3.3 
eV) irradiation, although the amount of 
evolved O2 was ca. 20% of the stoichio
metric ratio. Among the members of a se
ries of K4Nb(,017 catalysts modified by vari
ous transition metals, a marked increase in 
the activity and stoichiometric evolution of 
H2 and O2 resulted from nickel-loaded 
K4Nb60 17 prepared by an impregnation 
method followed by a proper pretreatment 
(5). 

Some other remarkable features of the 
catalysts are as follows: 

(I) The optimum activity is obtained 
when 0.1 wt% of nickel is loaded as NiO. 
Below O.I-wt% loading the activity in
creases almost proportionally with the in
crease of loading amount, and above 0.1 
wt% the activity decreases gradually. 

(2) To activate the catalyst, K4Nb(,017 im
pregnated in aqueous Ni(N03h solution is 
normally reduced by H2 at 773 K (R773) and 
reoxidized by O2 at 473 K (0473). The 
quantum efficiency of the R773-0473 NiO 
(0.1 wt%)-K4Nb60 17 catalyst was ca. 3.5% 

at 330 nm (5). Even over the catalyst re
duced at 773 K, H2 and O2 evolve in almost 
stoichiometric ratio. This result is in con
trast to that of SrTiO,-based photocatalyst 
which was reported previously (3). Under 
the same pretreatment condition, Ni-Sr
TiO, photocatalyst evolved a small amount 
of H2 and no O2, and nickel over SrTi03 

was oxidized during irradiation. 
(3) Reverse reaction from evolved H2 and 

O2 to form H20 is negligible under the reac
tion condition. 

(4) The activity of photocatalytic decom
position of water decreases in the concen
trated KOH solution (pH> II), which is a 
favorable condition for SrTiOr or Ti02-
based photocatalysts (2-4, 6). 

The purpose of the present study is to 
elucidate the relationship between the char
acteristic behavior and the catalyst struc
ture of an active nickel-loaded K4Nb(,OI7' 
Furthermore, the reaction mechanism of 
the photocatalytic evolution of H2 and O2 is 
discussed. 

To determine the catalyst structure at 
various stages of the pretreatment, X-ray 
photoelectron spectroscopy (XPS), ex
tended X-ray absorption fine structures 
(EXAFS), transmission electron micros
copy (TEM), and X-ray diffraction (XRD) 
measurements were carried out. 

EXPERIMENTAL 

K4Nb(,017 and KNbO, powders were pre
pared from Nb20 5 (Mitsui Kinzoku) and 
K2C03 (Asahi Glass Co.) at 1573 K for 15 
min in air, and the crystal structures were 
confirmed by X-ray diffraction (XRD). 
Nickel-loaded K4Nb(,017 was prepared by 
impregnation of K4Nb60 17 powder with an 
aqueous Ni(N03h solution (4 mI). The solu
tion was dried, and the catalyst obtained 
was calcined at ca. 550 K in air for I h. The 
catalyst at this stage is referred to as the 
"untreated" catalyst. The catalyst was 
then treated in a closed gas circulation sys
tem. A typical treatment was performed 
first by H2 reduction at 773 K for 2 h 



("R773" catalyst) and then by O2 oxidation 
at 473 K for I h ("R773-0473" catalyst). 
K4Nb60 17 was hydrated and changed into 
K4Nb60 17 • nH20 (n = 3,4.5, or more) un
der the reaction conditions. In this paper, 
however, the catalyst is described as 
"K4Nbo0 17 " and nickel-loaded catalysts 
are usually indicated as "NiO-K4Nbo0I7" 
for convenience. Yet, the supported nickel 
does not always exist as NiO after every 
treatment, which becomes clear in the 
present study as shown below. 

EXAFS measurements were carried out 
by using EXAFS apparatus at beam line 
lOB with synchroton radiation emitted from 
the Photon Factory at the National Labora
tory for High Energy Physics (KEK-PF) 
(12). The catalyst was mixed with polyeth
ylene or boron nitride to form a disk for an 
EXAFS sample and was exposed to air dur
ing the measurement for ca. I h. 

XPS measurements were conducted by a 
Shimadzu spectrometer ESCA750. Each 
treated sample was mounted on a sample 
holder in an Ar-filled glove box without air 
contact. Ar was evaporated over the sam
ple, and the binding energies were cor
rected using a Au 4172 peak at 83.8 e Y. 

Although the most active catalyst was 
obtained at 0.1 wt% loading of NiO, the 
catalyst of I wt% loading was used for XPS 
and EXAFS measurements because of the 
sensitivity problem of those spectroscopic 
techniques. 

TEM photographs were obtained by 
JEM-2000FX, -2000EX (lEOL), or EM-
002B/UHR (Akashi Beam Technology). 

XRD patterns were measured by a instru
ment of Rigaku (30 kY. CuKD', 15 rnA.. 
2°/min). 

RESULTS 

(I) Activities of Variollsly Treated 
Ni-Loaded K~b6017 PllOtocatalysts 

The rates of H2 and O2 evolution in dis
tilled water over variously pretreated 
nickel-loaded K4Nb60'7 catalysts, the 
structures of which were examined in this 

TABLE I 

Activltie, of Photodecomposition of Wa
ter over Variomly Treated NiO-K4Nbo0 17 

Cataly~ts 

Cataly,t 

NiO(O.1 wt\1, )-K4Nbo0 17 

Untreated" 
R773h 

R773-0473' 
R773-077Y 

NIO( I wt\1r )-K4Nbo0 17 

Untreated 
R773 
R773-0473 
R773-0773 

NiOeO wtSt,)-K4Nbo0 17 

R773-0473 

ActiVity 
(j.Lmollh) 

4 
59 :!8 
73 36 
4 

3 
31 
40 
10 

10 
18 
3 

o 

Note. ActiVities were determined from 
the reaction time courses for 10-h high-pres
sure mercury lamp (450 W) Inner irradia
tion-type reaction cell. 

" Untreated: after calcination at ca. 550 K 
In air. 

h R773: H, reduction at 773 K for :! h. 
, R773-0473 : 0, OXIdation at 473 K for 

I h after R773. 
J R773-0773 : 0, oxidation at 773 K for 

1 h after R773. 
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study, are summarized in Table I. Similar 
and more detailed results of activities of 
K4Nbr,0lTbased photocatalysts have been 
reported elsewhere (5). The most active 
catalyst was obtained by R773-0473 pre
treatment of NiO(O.1 wt%)-K4Nb60 17 , and 
the R773 catalyst also showed relatively 
high rates of H2 and O2 evolution in stoi
chiometric ratio. The activities of NiO(1 
wt%)-K4Nb60 17 were lower by a factor of 
about 2 than those of NiO(O.1 wt%)
K4Nb60 17 for R773 and R773-0473 treat
ments, respectively. For the R773 NiO(l 
wt%)-K4Nb60 17 , the amount of evolved O2 

was considerably smaller than half the 
amount of the evolved H2• When the 
amount of loaded nickel was increased, 
such as in R773-0473 NiO(20 wt%)-
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K4Nb60 17 , the photocatalytic activity of 
water decomposition almost disappeared. 
The untreated and R773-0773 photocata
lysts showed very low activities. 

Another characteristic behavior of this 
catalyst is that the rate of HzO decomposi
tion is insensitive to the presence of gas
eous O2• In Fig. 1, the effect of gaseous O2 

of 300 Torr on the photodecomposition of 
H20 over the R773-0473 NiO(O. I wt%)
K4Nb60 17 catalyst is shown. The same rates 
of Hz evolution from distilled water under 
both Ar and O2 atmospheres were obtained 
within the range of experimental error. 

From these results, it is clear that the ac
tivity of this catalyst is very sensitive to the 
amount of loaded nickel and the pretreat
ment condition. To reveal the reason for 
the characteristic behavior of this catalyst, 
the following structural studies were con
ducted. 

(2) XPS and Chemical Analysis 

For NiO(O. I wt%)- and NiO(l wt%)
K4Nb60 17 catalysts, 0.66 and 6.6% of total 
K+ ions are replaced by NiH ions, respec
tively, if all Ni2+ ions are intercalated 
to compensate the electronic charge bal
ance. An atomic absorption measurement 
showed that expected amounts of Ni and K 
existed in both "untreated" samples within 
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FIG. I. The effect of gaseous 0, on the photodecom
positIOn of H,O over R773 NiO(O.1 wt%)-K.Nbh0 17 • 

(0) H, evolved. (e) 0, evolved. The reaction at 0-6 h 
and 13-19 h was carried out under 300 Torr of Ar and 
the reaction at 6-13 h under 300 Torr of 0,. 

TABLE 2 

XPS Peak Intensity Ratio of Ni2P J12 INb3d 

Catalyst Peak ratIo of Nl2pll,/Nb3d 

Untreated R773 R773-0473 R773-0773 

NIO(l wt%)-K,Nb60,7 
NIO(l wt%)-KNbOJ 
NINb,06 

0.026 0004 0.004 
I 5 07 I 4 
06 

005 
1 3 

the experimental error. This indicated that 
the amount of exchange between K +ions 
and H+ or H30+ ions in aqueous solution (4 
ml) was trivial (at most 5% of total K+ ions) 
during the impregnation procedure. 

XPS measurements were carried out only 
for NiOO wt%)-K4NboOI7 but not for NiO 
(0.1 wt%)-K4Nb60 17 because of the rela
tively low sensitivity. NiOO wt%)-KNbO} 
and NiNb20 0 were also studied as refer
ences. Both KNbO} and NiNb20 6 refer
ences have BET surface areas (ca. I m"/g) 
similar to that of K4Nb60 17 , but they are not 
layered compounds. 

The most notable result was that Ni over 
K4Nb60 17 had a very small peak intensity 
after every treatment compared with those 
of reference materials. The normalized in
tensities are summarized in Table 2. The 
intensity of Ni2p}/2 including both main and 
satellite peaks was divided by that of Nb3d 
which consisted of 3dsI2 and 3d}/2 peaks. 
From Table 2, it is found that the peak 
intensity ratio of Ni2p3/2/Nb3d for NiO( I 
wt%)-K4Nbo017 is smaller by about 2 or
ders of magnitude than that for NiO( I 
wt%)-KNb03 after every treatment. As 
XPS is sensitive only for surface region 
(20-30 A in depth), the small values for 
NiOO wt%)-K4NboOI7 catalysts indicate 
that most of the loaded nickel locates inside 
of the catalyst where it is not detectable by 
XPS, while loaded nickel locates only at the 
surface in the case of KNb03. To estimate 
the degree of distribution of loaded nickel 
in K4Nb60 17 • the intensity ratio of Ni2p3/2/ 
Nb3d5/2 was compared with the calculated 
value as shown in Table 3. For the calcula
tion. 5.0 and 13.9 for Nb3d5/2/Cls and 



Ni2p3/21C1s were used, respectively, as rel
ative cross sections of photoelectron emis
sion by MgKa X-ray. The difference in the 
escape depths of photoelectrons between 
Nb3ds12 and Ni2p3/2 was neglected. For the 
calculation of the untreated NiO(\ wt%)
K4Nb60'7 catalyst, Ni atoms were assumed 
to be dispersed homogeneously in the inter
layer spaces of K4Nbh0 17 . The same proce
dure was also adopted to NiNb20 h to esti
mate the accuracy of this calculation. The 
good agreement of experimental and calcu
lated values both for NiNb20 h and 
K4Nbh0 17 indicates that loaded nickel over 
K4Nb60'7 is dispersed homogeneously in 
the interJayers of the catalyst during the im
pregnation. 

XPS spectra of Ni2p3'2 of NiO(l wt%)
K4Nb60 17 after various pretreatments are 
shown in Fig. 2. In the untreated catalyst, 
the nickel on the surface seems to exist as a 
mixture of NiO and Ni(OH)2 as discussed 
previously (13). When the catalyst was 
treated by H2 at 773 K (R773), most of the 
nickel was reduced to nickel metal at least 
within the region which is observable by 
XPS. When the catalyst was reoxidized at 
473 or 773 K(R773-0473 or R773-0773 cat
alyst), surface nickel became NiO contain
ing some excess oxygen. 

The decrease in the intensity of Ni2p3/2 
after R773 and R773-0473 treatments com
pared with that of the untreated catalyst 
may be due to the aggregation of surface 
nickel to form Ni metal particles by these 
treatments. It should be emphasized that 

TABLE 3 

Comparison between Experimental and Calculated 
Value~ for XPS Peak Intensity Ratio, of N12p1,i 
Nb3d\l, 

(',liLulatcd E\pcnmcntJI 

NIOII wl'if)-K,Nb.0 17 

NINh,O. 

OM 
14 

II RatIO of the total numbel'> of NI dnd Nh <1tOO1\ 

h The calculation prm.cdurc 1\ dC\Lnhcd 10 the text 

0114 
10 

NI(OHh NIO NI 
"I t{ 

, I 

: : : (0) ~::, 
: :' u ntreoted 

§ : :: (b) 

~73 

Vl 
C 

'" ~ 

: : : (e) 
~73-0473 

, I I 
, , 
I 

I 

I' 

(d) 
R773-0773 

865 860 855 850 

binding energy / e V 
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FIG. 2. XPS spectra of NI 2p11' of NIO( I wt'Yr)
K4Nb,,0I7 after pretreatment,. (a) Untreated. (b) R773. 
(c) R773-0473. (d) R773-0773. 

even after the pretreatments of R773 and 
R773-0473, the intensity of Ni2p3/2 did not 
increase significantly and it is, therefore. 
concluded that most of the loaded nickel 
remains at the interJayers in active cata
lysts. When the reduced catalyst was reox
idized at the higher temperature (R773-
0773), the intensity of Ni2p3/2 increased 
compared with that reoxidized at the lower 
temperature (R773-0473). This fact sug
gests that the high temperature treatment 
by O2 causes the segregation of nickel on 
the external surface of K4NbhO'7 from the 
interJayer spaces. This was also confirmed 
by TEM as shown below. 

(3) EXAFS 

The Fourier transforms of EXAFS func
tions K3X(K) for Ni K edge absorption of 
variously treated NiO-K4Nbh0 17 catalysts 
are shown in Fig. 3. The spectra of Ni foil 
(Ni-Ni, R = 2.47 A, N = 12) and of NiO 
(Ni-Ni. R = 2.94 A, N = 12; Ni-O, R = 

2.09 A, N = 6) prepared from Ni(N03)2 by 
calcination at 973 K, which were taken as 
references to decide parameters for phase 
shift (polynomina\) and amplitude functions 



342 KUDO ET AL. 
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FIG. 3. Fourier transforms of Ni Kedge EXAFS 
functions K3X(K) of NiO(l wt%)-K4Nb60 17 catalysts 
and references. Phase shift was not corrected. (a) Un
treated, (b) R773, (c) R773-0473, (d) R773-0773, (e) 
NiO reference, (0 Ni metal reference. Interatomic dis
tance I corresponds to Ni-O bond of NiO, 2 corre
sponds to Ni-Ni bond of Ni metal. and 3 corresponds 
to Ni-Ni of NiO. 

(Lorentzian), are also shown in Fig. 3. 
Those parameters were used to analyze the 
data of sample catalysts and to determine 
bond length (R) and coordination numbers 
(N) for Ni-Ni and Ni-O of the catalysts. 
The bond lengths and the average coordina
tion numbers are summarized in Table 4. In 
the case of the untreated catalyst, the peaks 
of Ni-O (R = 2.0 A) and Ni-Ni (R = 2.98 
A) bonds corresponding to those of the NiO 
reference were observed as shown in Fig. 
3a. The relative peak intensity of the Ni-Ni 
bond against that of Ni-O bond of the un
treated catalyst was much smaller than that 
of the NiO reference in Fig. 3e. This indi
cates that the size of a "NiO-like" particle 
is very small in the untreated catalyst, 
probably several angstroms in diameter if a 
spherical shape is assumed. The average 
coordination number of Ni-Ni in Fig. 3a 
was ca. 5 while it was 12 for NiO in Fig. 3e. 
This again supports the conclusion that the 
size of "NiO-like" particles in K4Nb60 17 is 

very small. Thus one can conclude that 
nickel loaded by the impregnation method 
followed by calcination exists as very small 
nickel oxide particles at the interlayers of 
K4Nb60 17 . This seems to be behavior simi
lar to the formation of pillared clay mate
rials in which small cluster ions such as 
Ni4(OHW replace the cations at the inter
layer spaces (14). 

By the H2 reduction at 773 K, the nickel 
in the catalyst was reduced completely to 
nickel metal as shown in Fig. 3b, in which 
the bond length of Ni-Ni (R = 2.48 A) cor
responds to that of nickel metal foil. In this 
process, H+ must compensate the positive 
charge carried by Ni2+ ions. With rather 
large uncertainty, the average coordination 
number (N) of the first sphere in those Ni 
metal particles was estimated to be 8.0-
10.7 which was obviously smaller than 12 of 
Ni foil. According to Greegor and Lytle 
(15), assuming the sphere particle of face
centered-cubic (fcc) packing, the particle 
size is estimated from the average coordi
nation number N using the equation 

TABLE 4 

Ni KEdge EXAFS Data of NiO(l wt%)-K4Nb60 17 

Catdly,t 
pretreatment 

Untreateda 

Untreatectb 

R773 

R773-0473 
R773-0773 
N.O' 
Nt metal t 

(NIOI 

N.-O N.-N. 

mAl N mAl N 

201 2-3 298 3-5 
209 I 

2.07 1-5 2.99 3-4 
2.09 294 12 

(N. metal) 

NI-Nl 

mAl N CS 

248 8-11 ht 
350 3-4 2nd 

427 12-13 3rd 
492 7-8 4th 
250 7-9 1st 
248 1-2 ht 

247 12 ht 
349 6 2nd 

4.28 24 3rd 
4.94 12 4th 

Note R, mteratomlC dl~tance between an ab~orber NI atom and a 
o;;catterer atom, N, average coordmatlon number of the ~phere. CS. coor
dmatIon o;;phere 

a Prepared by the ImpregnatIOn method 
b Prepared by the lon-exchange method 
, Reference~. 
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where r is the radius of a metal particle (A), 
a is the shortest interatomic distance (A), 
and NT is the total number of atoms in the 
particle. 

For the nickel metal particle, a is 2.46 A 
and NT is evaluated from the coordination 
number (N) using Fig. 2 in Ref. 15. For the 
R773 catalyst, NT was 35-600 atoms. Thus 
the radius of the nickel metal particle is es
timated to be 4.4-11.3 A; i.e., the diameter 
of the particle is 8.8-22.6 A. It is also possi
ble to estimate the particle size from the 
number of the third coordination sphere. 
The diameter determined from the value is 
ca. 11.8 A. In any case the particle size of 
Ni metal estimated from EXAFS data is 
considerably larger than the "interlayer I" 
spacing of 5.8 A for K4Nb60 17 • 3H20. 

Shown in Fig. 3c is a Fourier transform 
of R773-0473 catalyst. R773-0473 catalyst 
which possibly contained a small amount of 
NiO was observed almost unchanged from 
R773 catalyst of Fig. 3b. The average coor
dination number (N) is also the same value 
as that of the R773 catalyst within the ex
perimental error. On the other hand, the 
nickel detected by XPS was oxidized to 
NiO. Thus, by oxidation at 473 K, only the 
nickel on or close to the surface of 
K4Nb60'7 was oxidized and most of the 
nickel in K4Nb60 17 interlayers remained as 
nickel metal particles. When the catalyst 
was reoxidized at higher temperature, i.e., 
the R773-0773 catalyst, the major part of 
the nickel was oxidized to NiO although 
some nickel metal still remained as shown 
in Fig. 3d. 

(4) TEM Observation 

(a) NiO(l wt%)-K4Nb60 17 catalyst. To 
compare the TEM photographs with the 
results of XPS and EXAFS, TEM was stud
ied not only for a O.l-wt% NiO-loading cat
alyst but also for a I-wt% NiO-loading cata
lyst, the activity of which was lower than 
that of O.I-wt% NiO-loading catalyst. In 
Fig. 4, several photographs ofNiO(1 wt%)
K4Nb60 17 are shown. Fig. 4a is a micro
graph of a sample reduced at 773 K. Ni 

metal p'articles of 30-150 A are observed. It 
should be noted that such Ni particles were 
not so homogeneously dispersed for every 
K4Nb60 17 . Actually some K4Nb60 17 parti
cles carried more Ni particles than others. 
The sample used in Fig. 4a which contained 
more Ni metal particles than the average, is 
a typical example of this. Figure 5 shows 
NiOO wt%)-KNb03 reduced at 773 K. As 
mentioned above, KNb03 is not a layered 
material with particle size (1-10 /Lm) and 
BET surface area measured by N2 (ca. I mll 
g) similar to those of K4Nb60 17 • It is clear 
that much more Ni metal particles 50-
200 A in diameter are observed on 
NiO(l wt%)-KNb03 than on NiO(l wt%)
K4Nb60'7' Figure 4b shows the picture of 
the same sample in Fig. 4a taken from the 
direction parallel with the basal plane. Ni 
metal particles of 30-100 A are observed to 
be dispersed over K4Nb60 17 • Yet, it is diffi
cult to conclude from these micrographs 
whether the nickel particles are located at 
the surface of the K4Nb60 17 or are buried in 
the lattice. Taking account of XPS results, 
at least some of the Ni metal particles must 
exist in the bulk of K4Nb60 17 because the 
XP intensity of Ni2p over K4Nb60 17 is ca. 
1% of that of KNb03 as shown in Table 2. 
When the reduced sample was oxidized at 
473 K, which gives more active photocata
lyst, no significant change in the micro
graph was observed. Oxidation at 773 K, 
however, caused a marked change in the 
loaded nickel as shown in Fig. 4c. This 
treatment resulted in a drastic decrease in 
photocatalytic activity. Rather large parti
cles, which can probably be attributed to 
aggregated NiO(lOO-300 A), were observed 
in this sample, in which small metallic Ni 
remained as shown by EXAFS (Fig. 3d). 

(b) NiO(O.l wt%)-K~b60'7' This cata
lyst showed the highest activity for the pho
todecomposition of water, and there is a 
significant difference between the TEM 
photographs of a O.I-wt% NiO-loading 
sample and that of a I-wt% NiO-Ioading 
sample. Large Ni metal particles of 30-100 
A were scarcely observed for a O.l-wt% 
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FIG. 4-Continued. 

NiO-loading K4Nb60 17 as shown in Fig. 6a. 
It looks like the same sample as K4Nb60 17 
itself at the low magnification shown in Fig. 
6a (X 152,000). When the micrograph is 
magnified much more (x3,237,000), one is 
barely able to distinguish a slight change in 
the depth of color in the K4Nb60 17 lattice 
image as shown in Fig. 6b. After extensive 
work and careful examination we attributed 
the change in color to ultrafine Ni metal 
particles of ca. 5 A. The Ni metal particles 
of less than 5 A encapsulated in K4Nbo0 17 , 
if they exist, would be difficult to identify 

by present TEM measurements. Therefore, 
it is not clear whether such small particles 
of less than 5 A in diameter exist in 
K4Nb60 17 or not. In any case, it is obvious 
that in a NiO(O.1 wt%)-loaded K4Nb(,017 
catalyst the loaded nickel exists as ultrafine 
particles of several angstrom order after 
R773 and R773-0473 treatments. 

(5) XRD 

The (040) reflection and the b-axis 
lengths of various NiO-K4Nb60 17 catalysts 
were compared after R773-0473 treatment 
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FIG. 5. TEM photograph of NiO(l wt%)-KNbO, after R773 treatment by JEM-2000FX, x 160,000. 

followed by hydration in air. Although the 
amount of the hydrated water for each 
nickel-loaded K4Nb60 17 sample was not de
termined, the h-axis lengths were substan
tially identical for all samples, ca. 38 A. No 
significant difference in XRD patterns was 
observed for NiO(O.1 wt%)-K4Nb60 ,7 or 
NiO(l wt%)-K4Nb60 17 from that of 
K4Nb60 17 itself while for NiO(20 wt%)
K4Nb60 17 all peak intensities considerably 

decreased, which suggests the crystal 
structure of K4Nb60 17 is broken to some 
extent. 

DISCUSSION 

(1) Structure of Nickel-Loaded K4Nh 60 17 

Photocatalyst 

From the results of XPS, EXAFS, TEM, 
and XRD studies, the structure of an active 
catalyst has become clear. 
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XPS revealed that for the NiO( I wto/r)
K4Nb60 17 loaded nickel was predominantly 
located inside of K4Nb(,017 and a small 
amount of nickel remained over the exter
nal surface. The same result is reasonably 
expected for the case of NiO(O.1 wt%)
K4Nb60 17 catalyst. 

According to Kinomura et al. (/ 1), Ni~+ 
ions replace only the K + ions in interlayer I 
but not those in interlayer II during the ion 
exchange reaction at 363 K which is a tem
perature close to that of the impregnation 
method of the present work. Loaded nickel 
is, therefore, located predominantly in in
terlayer I. From the result of EXAFS in 
Fig. 3a, it is clear that the loaded nickel 
exists as small "NiO-like" particles after 
calcination in air at 573 K when the impreg
nation method applied. On the other hand, 
another type of NiO-K4NbhO I7 catalyst 
was also prepared in an ion-exchange 
method similar to that of Kinomura et al. In 
this case Ni2+ ions seems to be dispersed 
atomically as shown in Table 4. After the 
R773 or R773-0473 treatment. both cata
lysts showed almost equal activities for the 
photodecomposition of water. Therefore, it 
is supposed that the difference between the 
two types of loaded Ni 2+ forms does not 
affect the structure of the active catalyst 
after R773 or R773-0473 pretreatment. 

When the catalyst was reduced at 773 K 
for 2 h, the loaded nickel which could be 
observed by EXAFS was completely re
duced to Ni metal. At this stage of the cata
lyst treatment, TEM photographs mani
fested a significant difference between 
NiO(O.1 wt%)- and NiO( I wt%)-K4Nbh0 17 
catalysts. In NiO(l wt%)-K4Nb60 17 larger 
Ni metal particles 30-150 A in diameter 
were observed as shown in Figs. 4a and 4b, 
while in NiO(O.1 wt%)-K4Nb60 17 such 
large particles were scarcely observed even 
ifthe difference in the amounts ofloaded Ni 
were taken into consideration. The particle 
size of Ni metal in NiO(l wt%)-K4Nb60 17 
estimated from the coordination number of 
EXAFS is 8.8-22.6 A, which is rather 
smaller than that observed by TEM in Figs. 

4a and 4b. It should be noted that the coor
dination number obtained by EXAFS is the 
average value for all loaded Ni atoms. This 
discrepancy between EXAFS and TEM 
results, therefore, suggests the existence of 
Ni metal particles of much smaller size 
which are not observable in Figs. 4a and 4b. 
Actually in NiO(O.1 wt%)-K4Nb60 17 ultra
fine Ni metal particles of ca. 5 A were per
haps barely observed as shown in Fig. 6b. 
The existence of ultrafine Ni metal particles 
of less than 5 A was, however, not con
firmed by the present experiment because 
of the resolution limit of the apparatus. 
From these results and considerations, it is 
reasonable to suppose that ultrafine Ni 
metal particles coexist with rather large Ni 
metal particles of30-150 A in NiO(l wt%)
K4Nb(,017' As the photocatalytic activity of 
NiO(O.1 wt%)-K4Nb60 17 is higher by a fac
tor of2 than that of NiO(l wt%)-K4Nb60 17 , 
it is concluded that the ultrafine particles of 
Ni metal are responsible for the photode
composition of water. The interlayer spac
ing of K4Nb60 17 (Nb-Nb distance across in
terlayer I along the b axis) is estimated to 
be ca. 6 A although niobate sheets are cor
rugated. Therefore, one may suppose that 
most of the ultrafine Ni metal particles can 
be encapsulated in interlayer I without col
lapsing the layered structure. On the other 
hand, large Ni metal particles of 30-150 A, 
if they exist in the internal space of 
K4Nb60 17 , must destroy the layered struc
ture. Judging from XPS signal intensities of 
Ni 2p and the number of Ni metal particles 
observed by TEM photographs, we believe 
some of those large Ni metal particles lo
cate inside of K4Nb60 17 , although no signifi
cant difference in XRD patterns was ob
served between NiO(l wt%)-K4Nb(,017 and 
K4Nb(,017 itself. Large Ni metal particles 
incorporated in K4Nb60 17 are considered to 
decrease the photocatalytic activity instead 
of working as active sites, which is also 
confirmed by the very low activity of 
NiO(20 wt%)-K4Nb60 17 catalyst. 

When the catalyst was reoxidized at 473 
K, the Ni metal at the external surface of 
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FiG. 6. TEM photographs of NiO(O.1 wto/c)-K4Nb60 17 • (a) After R773 treatment by JEM-2000EX at 
200 KV, x 152,000; (b) after R773 treatment by EM-002B/UHR at 200 KV. Some of the ultrafine nickel 
metal particles are indicated by arrows, x3,237,000. 

K4Nb60 17 was reoxidized to NiO as deter
mined from XPS results. The result of 
EXAFS in Fig. 3, however, showed that 
most of the Ni remained as Ni metal. Ni 
metal particles located at the interlayer 
space remained unchanged under O2 oxida
tion at 473 K, which indicates the difficulty 
of migration of gaseous O2 into the inter
layer spacings. The higher activity of R773-
0473 catalyst than that of R773 catalyst is 
probably due to the lack of Ni metal at the 
external surface of K4Nb60 17 where the re
verse reaction from H2 and O2 to form H20 
proceeds. The shortage of evolved O2 over 
R773 NiO(l wt%)-K4Nbo0I7 may be ex
plained by the reaction that O2 is consumed 
for the oxidation of Ni metal at the external 
surface. In the case of the reoxidation at 
higher temperature (R773-0773), the activ
ity drops drastically as shown in Table I. 

On the other hand, Ni metal particles en
capsulated in K4Nbo017 were oxidized by 
the reoxidation at 773 K and some of those 
nickel particles migrated to the external 
surface out of the interlayer spacings to 
form large particles of NiO. Therefore, by 
this treatment the structure of an active cat
alyst for H20 decomposition must be bro
ken. 

From the results discussed above it is ob
vious that the activity of the overall water 
splitting is very sensitive to the structure of 
the catalyst. 

(2) Mechanism for the Photocatalytic 
Decomposition of Water over 
Nickel-Loaded K4Nbo0J7 

Under the band gap irradiation (2:3.3 
eV), niobate sheets absorb photons which 
produce electrons in the conduction band 



Ni-LOADED K4Nbh0 17 PHOTOCATALYST 349 

1" 

., , .. 
, . , . 

"., ,. ,-, 

., . 
" 

, ::.>tin' .", ; 

• 

'·1 .. 'it 
.. 

..... 

'·'1 • 

, ; 

' .. " . • • '.~' 

, .... , 

FIG.6-Contillued. 

and holes in the valence band. The excited 
electrons and holes may be alternatively 
expressed as Nb4+ and 0- species. As each 
niobate sheet is separated from others by 
K+ ions and hydrated water molecules, ex
cited electrons and holes are unlikely to 
move through interlayer spaces. Therefore, 
this material is regarded as an accumulated 
"two dimensional" photocatalyst although 
niobate sheets are corrugated. 

In our previous work (3. 5), it has been 
suggested that loaded Ni metal particles fa
cilitate the evolution of H2• Therefore it is 

supposed that the ultrafine nickel metal par
ticles at interlayer I can work as reduction 
sites to form H2• Although K4Nb60 17 itself 
has rather high ability to form H2 as a pho
tocatalyst (5), the nickel metal particles are 
expected to facilitate the formation of H2. 

Another important aspect of the existence 
of nickel metal particles at interlayer I may 
be the clear separation of the reduction 
sites from the oxidation sites which are dis
cussed below. If a homogeneous particle 
size (10 Ni atoms/particle) and a homoge
neous dispersion of those particles are as-
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sumed, a nickel metal particle exists every 
ca. 10,000,.\2 (=100 ,.\ x 100,.\) at inter
layer I for NiO(O.1 wt%)-K4Nb60 17 , while 
a K+ ion occupies 12.6 ,.\2. The calculated 
turnover frequencies of H2 formation on 
those particles are 70 molecules H21 hlNi
particle for 0.1 wt% NiO loading. 

The sites of H2 formation is identified 
rather clearly as discussed above, while 
those of O2 production are not so obvious. 
For O2 evolution, there seem to be three 
possible sites, i.e., (A) interlayer I, (B) in
terlayer II, and (C) edge plane. At the 
present stage, we do not have any conclu
sive results to identify the oxidation site. 
If H20 oxidation proceeds at interlayer I, 
the sites should be close to Ni metal par
ticles which work as the reduction sites. 
In our previous work on a NiO-SrTi03 
photocatalyst (3), Ni-SrTi03 reduced at 
773 K was found not to decompose water 
into H2 and O2 but to evolve only a small 
amount of H2, and also the activity was 
found to decrease rapidly. In that case, 
nickel metal particles ca. 200 ,.\ in diameter 
deposited on the SrTi03 surface and oxi
dized to form mainly Ni(OH)2 under irradi
ation. Thus, it is also suspected for the 
present catalyst that the Ni metal particles 
at interlayer I are oxidized and the activity 
decays rapidly if the oxidation of water oc
curs mainly at interlayer I. Actually for 
NiO(O.1 wt%)-K4Nb60 17 catalyst the oxi
dation of Ni metal particles was observed 
during the photodecomposition of water 
and it caused a decrease in activity (5). The 
oxidation rate of Ni metal particles was, 
however, very slow; i.e., it was less than 
0.4% of the rate of O2 evolution. Therefore, 
if model (A) is the case, the ultrafine Ni 
metal particles at interlayer I must be pro
tected from oxidation by some unknown 
mechanism. 

On the other hand, in model (B) each H2 
and O2 is formed at opposite sides of a 
niobate sheet. The charge separation is ac
complished by a membrane of an atomic 
order of thickness, and the products are au
tomatically separated into two different 

parts without oxidation of nickel metal par
ticles. One condition which should be 
proved to support this mechanism is the ex
istence of enough intercalated water as a 
reactant at interlayer II. As mentioned 
above, while interlayer I is hydrated easily 
to form K4Nb60 17 • 3H20 even in air, inter
layer II is rather stable against hydration. 
Nevertheless, it was found that in distilled 
water the hydration number n is 4.5 or more 
and some K + ions (ca. 5% of total K + ions) 
are eluted and replaced by H+ ions under 
the reaction conditions. According to the 
work of Kinomura et al. (11), interlayer II 
is hydrated as well as interlayer I when the 
K+ ions are exchanged by smaller monova
lent cations such as Na+ and Li+. Thus, 
under the reaction conditions in distilled 
water, it seems reasonable to expect the ex
istence of some water molecules in inter
layer II as a result of equilibrium between 
water molecules in the solution and in inter
layer II. It is noteworthy that the decrease 
in the activity of the photodecomposition of 
water at high pH regions (> 11) is explained 
by this model. According to the previous 
studies on Ti02(4,6)- and SrTi03(2,3)-based 
photocatalysts, the activity of photodecom
position of water remarkably increased in 
concentrated NaOH or KOH solutions. On 
the other hand, for NiO-K4Nb60 17 catalyst 
(5), the activity showed the maximum at 
pH ca. 11 and decreased markedly in more 
concentrated KOH solutions. Further
more, at pH 14 a small amount of H2 and no 
O2 evolved. As the activity was recovered 
when the solution of concentrated KOH 
was replaced by distilled water, the low ac
tivity at high pH is not attributed to the 
degradation of the catalyst itself. In the 
case of model (B), the important factor 
would be the concentration of water at in
terlayer II, which may be controlled by the 
degree of replacement of K + by H+ ions. 
Thus, it is inferred that the higher the con
centration of KOH, the lower the amount 
of water at interlayer II. Accordingly, at 
very high concentrations of KOH, the 
amount of water molecules at interlayer II 
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is too small to sustain the photodecomposi
tion of water with a high efficiency. 

The driving force of the movement of 
electrons and holes might be provided by 
the electrostatic gradient in the niobate 
sheet, which is caused by different loca
tions of cations K+ and H+ between inter
layer I and II. 

In the case of model (C), O2 is produced 
on the edge plane, and evolves directly into 
the solution or into the gas phase. Ni metal 
particles at interlayer I are stable against O2 

oxidation, which was well demonstrated in 
Fig. 3C. The problem of this model is to 
find the driving force for the migration of 
holes to the edge plane. As the typical parti
cle size of K4Nb60 17 is 1-10 /Lm, holes must 
be transported considerably long distances 
within the corrugated niobate sheet. Al
though one may expect the band bending 
observed in such a case to be n-type semi
conductor interface, this seems to be un
likely for this system because K + and H+ 
ions and H20 molecules are able to move 
throughout the bulk of K4Nb60 17 • Thus, the 
electrostatic field at the interface, if exist
ent, would be effectively shielded by those 
IOns. 

It is, of course, possible that some of 
these models are operating simultaneously, 
especially model (A) and model (B). One of 
the supporting indication for O2 formation 
at the interlayers as in model (A) and (B) is 
that the small but detectable amount of O2 

evolution continued for ca. I h even after 
irradiation ceased, while H2 evolution 
stopped immediately. This may suggest the 
slow diffusion of O2 from the interlayer to 
the outside. Another indication is the ESR 
signal observed in NiO(O.1 wt%)-K4Nb60 17 

after irradiation in distilled water. This spe
cies can probably be attributed to the 0 3 
species, judging from the shape and the g 
value (g = 2.014), which is stable even in 
air for a long time. Such behavior is unusual 
for 0 3 , and it is inferred that the species is 
formed at the interlayer during the reaction. 

Among the three models discussed 
above, we dare to put emphasis upon model 

NI metal particle 

n 

hI' 
n 

FIG. 7. Schematic structure of the active NiO(O.1 
wt%)-K4NbhOI7 photocatalyst and the reaction mech
anism of H,O decomposition into H, and 0,. 

(B) because it provides a novel mechanism 
for the charge separation in the photocata
lyst. In Fig. 7, this mechanism is schemati
cally depicted on the basis of the structure 
which is revealed in this study. Recently, 
Bard et al. also pointed out the advantage 
of the photocatalyst with an atomic order of 
thickness for the reason that long-distance 
diffusion of excited electrons and holes is 
avoided in such a system (16). 

In this study, it has been proved that 
K4Nb60 17 loaded with Ni metal particles is 
an accumulation of two-dimensional photo
catalysts, i.e., niobate sheets with an 
atomic order of thickness (4 A). Although 
further study is necessary to confirm the 
mechanism proposed in this work, various 
applications of this type of materials are 
conceivable. 

SUMMARY 

The structure of nickel-loaded K4Nb60 17 

powder, which is an active photocatalyst 
for an overall water splitting, was revealed 
by means of XPS, EXAFS, TEM, and 
XRD. K4Nb60 17 is a layered compound 
which possesses two kinds of interlayer 
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spaces (interlayers I and II) alternately and 
K+ ions at the interlayer spaces are ex
changed for other cations. It is hydrated 
easily in water to form K4Nb60 17 • nH 20 
(n = 4.5 or more). XPS showed that loaded 
nickel predominantly located at the inter
layer spaces even after pretreatment. The 
nickel in an active photocatalyst was found 
to exist as Ni metal after R773 and R773-
0473 treatment by EXAFS. Ultrafine Ni 
metal particles of ca. 5 A were observed in 
NiO(O.1 wt%)-K4Nb60 17 catalyst by TEM, 
while larger Ni metal particles of 30-150 A 
also existed in NiO( 1 wt%)-K4Nb60 17 cata
I yst. As N iO(O.1 wt%)-K4Nb60 17 showed 
higher activity, it is inferred that utlrafine 
Ni metal particles are responsible for the 
photodecomposition of water. 

From these results it is concluded that an 
active nickel-loaded K4Nb60 17 photocata
lyst contains ultrafine Ni metal particles at 
interlayer L which work as H2 evolution 
sites. For the O2 evolution sites, we suggest 
interlayer II, which is a different side from 
the He evolution sites of niobate sheets. 
The unique structure and reaction mecha
nism are able to explain several characteris
tic behaviors of this catalyst. 

In conclusion, nickel-loaded K4Nb60 17 

photocatalyst decomposes intercalated wa
ter into He and O2 at the interlayer spaces 
with high efficiency and is regarded as a 
"two-dimensional" photocatalyst. 
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