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ABSTRACT: Rhodium-doped calcium niobate nanosheets
were synthesized by exfoliating layered KCa,Nb;_,Rh,-
Oj0—s and exhibited high photocatalytic activity for H,
production from a water/methanol system without cocata-
lyst loading. The maximum H, production rate of the nano-
sheets was 165 times larger than that of the parent Rh-doped
layered oxide. The quantum efficiency at 300 nm was 65%.
In this system, the methanol was oxidized to formaldehyde
(main product), formic acid, and carbon dioxide by holes,
whereas electrons cause the reduction of water to H,. The
conductivity of the parent layered oxide was decreased by
doping, which indicates the octahedral RhOg unit in the
lattice of the nanosheet functions as an electron trap site.
The RhOg units in the nanosheet probably also act as
reaction sites for H, evolution.

Hydrogen production using semiconducting photocatalysts
such as NiO-loaded La-doped NaTaOj; and Rh,_,Cr,Os-
loaded (Ga;_,Zn,)(N,_,O,) has attracted attention as a clean
solar hydrogen-generation system."” High crystallinity and high
surface area are important properties required for high efficiency
photocatalysts. A two-dimensional single crystal sheet (nanosheet)
prepared by exfoliation of a layered metal oxide is an ideal ma-
terial that can satisfy both of these requirements.3'_10 For instance,
Pt-loaded [NbsO;,]*", Rh,05-loaded [Ca,Nb30;4] 7, and Pt-
loaded [Ca,Nb30;,]  nanosheets have been reported to exhibit
high catalytic efficiency, where Pt and Rh,Oy5 act as cocatalysts.” ™ '
The photocatalytic activity is strongly dependent on the cocata-
lyst and the loading method or process, so that a catalyst without
cocatalyst or with too much cocatalyst has poor photocatalytic
activity."""? The role of these cocatalysts is the introduction of
active sites and the promotion of charge separation. Another
method to improve the catalytic activity is doping with transition
metals such as Zr-doped KTaO; and Rh-doped SrTiOj; systems,
where the transition metal doping is performed to control the
concentration of electrons and/or to improve the visible light
response.'>'* However, doping of only transition metals in cata-
lysts without cocatalyst loading does not generally cause a signifi-
cant improvement in activity compared to that with cocatalyst
loading. One reason for this could be that most of the dopants in
bulk such as Zr-doped KTaO; and Rh-doped SrTiO; have an
indirect effect on the reaction on the surface, because almost all of
the dopants are present within the catalyst, rather than on the
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catalyst surface. In contrast, all dopants in a nanosheet are
present very close to the surface, because the thickness of the
nanosheet is approximately 1 nm. Therefore, most of the dopants
in a nanosheet can be expected to be directly involved in the
catalytic reaction and cause a significant improvement in photo-
catalytic activity in the same manner as cocatalyst loading.

In this study, we report on the preparation and photocatalytic
properties of Rh-doped calcium niobate nanosheets, which
exhibited high activity for H, production from a water/methanol
system without cocatalyst loading.

Figure 1 shows the crystal structure of a Rh-doped calcium
niobate nanosheet prepared by exfoliating layered KCa,Nb;_,-
Rh,O;0_s. Most of the RhOg units in the nanosheet can be in
direct contact with the reactants. The KCa,Nb;_,Rh,O;y_s (x=
0—0.15) powder was prepared by a solution method. Next, the
KCa,Nb;_,Rh,O;y_s was converted into the protonated form
by acid-exchange processing using a S M HNOj solution. A
colloidal calcium niobate nanosheet suspension was obtained by
stirring the protonated form in a tetrabutylammonium hydroxide
solution (see Supporting Information).

The color of the starting material was bright green, but the
nanosheets solution was yellow. Nanosheets prepared from
KCa,Nb;_,Rh,Oy_s are referred to as a Rh(x)-doped Ca—
Nb—O sheet in this investigation.

The XRD patterns of the Rh-doped KCa,Nb;_,Rh, O s
corresponded to the pattern of KCa,Nb3;O; powder reported
previously, although the XRD patterns contained weak dif-
fraction peaks assigned to an impurity phase (see Supporting
Information)."®> The impurity has little noticeable effect on
the preparation of nanosheets because most of the impurities
can be removed by precipitation separation. The peaks
ascribed to the (200) and (220) planes were shifted to smaller
angles with an increasing amount of Rh as shown in Figure 2
(a =b=0.766 nm, 0.771 nm; x = 0, 0.03 respectively). The
peak shift was also confirmed in XRD patterns of nanosheet
aggregate powders (see Supporting Information). These peak
shifts indicate the successful doping of Rh into the KCa,N-
b30,p lattice. Rhodium may occupy Nb sites (B site) in the
host perovskite layer, because the ionic radius of Rh**
(0.081 nm) is slightly larger than that of Nb>* (0.078 nm)
and the generally six-coordination of Rh>" is the same as that
of the B site ion.
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Figure 1. Crystal structure of Rh-doped calcium niobate nanosheet
prepared by exfoliation of layered KCa,Nb;_,Rh,O;¢_s and photo-
catalytic reaction model in water/methanol system.
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Figure 2. XRD patterns of (200) and (220) planes of KCa,Nb;_,-
Rh,0,0_s (x =0, 0.001, 0.01, 0.03, 0.10, 0.15).

Figure 3. (a) Photograph of the Rh(x)-doped Ca—Nb—O nanosheet
suspensions. (b) AFM image of monolayer film of Rh(0.03)-doped
nanosheets.

Figure 3a shows photographs of the nanosheet suspensions,
where the color became light yellow with increasing dopant.
Exfoliation of the layered structure into individual nanosheets
was confirmed by atomic force microscopy (AFM). To evaluate
many nanosheets, a monolayer film of nanosheets was prepared
on a Si substrate by the Langmuir—Blodgett (LB) method
according to the literature.'® A well-organized nanosheets film
could be obtained when the surface pressure was 15 mN m ™.
Figure 3b shows an AFM image of the Rh(0.03)-doped Ca—Nb—O
sheets film. The contrast of the nanosheets was homogeneous,
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Figure 4. XPS spectra of (a) Rh(0.03)-doped Ca—Nb—O nanosheets,
(b) Rh,05-loaded Ca—Nb—O nanosheets, and (c) Rh,05 powder.

and there were no particles on the nanosheets. The measured
thickness of all the nanosheets was ~2.8—3.0 nm, and the lateral
size was ca. 1 um. This observed thickness is about 1.5 nm larger
than that of the theoretical perovskite blocks in the host solid.
The thickness of the oxide nanosheets observed by AFM was
generally larger than that estimated from crystallographic data,'®
because of the absorption of water and amine, and other
systematic factors in the AFM measurements.

Figure 4a shows the X-ray photoelectron spectroscopy (XPS)
Rh 3d;/, narrow spectrum of the unilamella Rh(0.03)-doped
Ca—Nb—O sheet. The Rh,05-loaded Ca—Nb—O sheet and
Rh, O3 are shown in Figure 4b and 4c as reference samples. The
Rh,03-loaded Ca—Nb—O sheet was prepared by a photodepo-
sition method according to the literature.” The Rh 3d;, peak for
Rh-doped nanosheets was at 310.1 eV, whereas the Rh,03-
loaded Ca—Nb—O sheet and Rh,03 peaks were at 309.3 and
308.2 eV, respectively. The binding energy of Rh 3ds/, observed
in RhO, is at around 308.6 eV."” There are several interpretations
to explain the shift in the binding energy position to the high
energy side. One is an increase in the valence number. Another
the decrease in the ratio of elements in the complex oxide, even if
the valence number is the same.'® In the case of Rh®" species, the
binding energy of Rh 3ds, is reported to be affected by the
surrounding conditions, and the Rh 3ds,, peak shifts to the
higher energy side in the order of Rh,0; (bulk) > Rh,0; loaded
on catalyst > Rh doped in the catalyst lattice.'” Rh** 3d; , peaks
observed in Rh-doped TiO, (Tigo9Rhg010;.5) and Rh,Os-
loaded KCa,Nb;0,, were at 310.0 and 309.4 eV.**° The binding
energy of the Rh-doped Ca—Nb—O sheet in this study is close to
that of the Rh-doped TiO, system, which indicates that the Rh
species is doped in the lattice of the nanosheet, although the
valence number of Rh in the nanosheet was not determined from
XPS spectra. XRD patterns indicated that the length of the ab axis
of the lattice constant was slightly expanded by doping of Rh
species, which indicates the ionic radius of Rh species is larger
than that of Nb™*; the ionic radius of Rh*" is larger than that
of Nb>*, whereas ionic radii of Rh*" (0.076 nm) and Rh**
(0.069 nm) are smaller than that of Nb>". In light of the ionic
radius of Rh and the expansion of the lattice, the valence of most
Rh is likely to be +3.

Figure Sa shows a transmission electron microscopy (TEM)
image and a selected area electron diffraction (SAED) pattern for
the Rh(0.03)-doped nanosheet. The TEM image shows two-
dimensional objects that are identified as the nanosheets. A
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Figure 5. TEM images of nanosheets. Low magnification image and
electron diffraction of Rh(0.03)-doped nanosheets (a); Rh(0.03)-doped
and 0.1 wt % Rh,Oj3-loaded nanosheets at high magnification (b and c).
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Figure 6. Time course of hydrogen evolution over (@) Rh(0.03)-
doped Ca—Nb—O sheets, () Rh(0.03)-doped KCa,Nb30, and (A)
Rh(1.0 wt %)-loaded Ca—Nb—O sheet. Reaction condition: 5 mg of
catalyst, 150 cm® of aqueous 10 vol % methanol solution, 500 W Xe lamp.

square-shaped SAED pattern was observed, which indicates
that the nanosheet is a single crystal. Figure Sb and Sc show
magnified TEM images of the Rh(0.03)-doped Ca—Nb—O (Rh:
0.59 wt %) and Rh(1.0 wt %)-loaded nanosheets. Many fine
particles of 2—5 nm in diameter were deposited on the Rh,O;-
loaded sheets, whereas the Rh-doped sheets had no such particles.
The TEM images also revealed that the Rh species are not deposited
on the sheet, but are doped into the Ca—Nb—O sheet.

Figure 6 shows time courses of H, evolution from aqueous 10
vol % methanol solutions by photoirradiation in the presence of
S mg of Rh(0.03)-doped Ca—Nb—O nanosheets and the parent
layered oxide (Rh(0.03)-doped KCa,Nb;O,). The H, produc-
tion rate of the parent layered oxide was very low, whereas the
Rh-doped Ca—Nb—O sheets exhibited high photocatalytic
activity. The H, production rate of the nanosheets (384.8
umol/h) was 165 times larger than that of the parent rhodium-
doped layered oxide (2.3 umol/h). However, the nondoped
Ca—Nb—O sheets did not exhibit such a dramatic improvement
in photocatalytic activity. The H, production rate with the
nondoped Ca—Nb—O sheets and the parent layered oxide were
21.0 and 1.6 umol/h, respectively (see Supporting Information).
The H, production rate of the Rh(0.03)-doped Ca—Nb—O
sheet was slightly higher (ca. 1.54 times) than that of the
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Figure 7. (A) Current—potential curves in 0.1 M Na,SO, aqueous
10vol % methanol solution under chopped light illumination (S00 W Xe
lamp) for (a) nondoped and (b) Rh(0.03)-doped Ca—Nb—O na-
nosheet/Au film. (B) Conductivity of Rh(0.15)-doped or nondoped
KCa,Nb30, as a function of temperature.
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Figure 8. (a) Photocatalytic activity for H, production as a function of

the amount of Rh(x) doping in Ca—Nb—O nanosheet. (b) Apparent

quantum efficiency for H, generation for Rh(0.03)-doped Ca—Nb—O
nanosheet.

Rh(1.0 wt %)-loaded Ca—Nb—O sheet as shown in Figure 6,
which was prepared by a photodeposition method according to
the literature.”*

Figure 7A shows current—potential curves in a 0.1 M Na,SO,
aqueous 10 vol % methanol solution under illumination for a
nanosheet/Au film, which was grepared by a layer-by-layer
method according to the literature.”” The photo-oxidation current
of methanol of a nondoped sheet (Figure 7Aa) was larger than
that of the Rh(0.03)-doped sheet (Figure 7Ab). This indicates
that Rh in the nanosheet has little catalytic activity for the oxi-
dation of methanol. However, photocatalytic activity of hydro-
gen generation increased by doping Rh in the nanosheet. This
indicates that doped rhodium species act as hydrogen evolution
sites. Figure 7B shows the conductivity of Rh-doped and non-
doped KCa,Nb;O as a function of temperature. The conduc-
tivity of Rh-doped KCa,Nb3 04 compared to the nondoped one
was lower. KCa,Nb3 O is an n-type semiconductor, and its main
carrier is electrons. When Rh** ions with lower valence than Nb**
are doped into KCa,Nb3Oj, the electrons are captured by the
Rh*" ions, which results in a decrease in the conductivity. Such
electron concentration control by doping is considered to decrease
the recombination between photoexcited electrons and holes.'?
However, most of the dopants in bulk material have an indirect
effect on the reaction on the surface, because most of the dopant
ions are present within the catalyst, rather than on the catalyst
surface. Therefore, Rh-doped KCa,Nb;0,, without cocatalysts
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shows low photocatalytic activity. In contrast, most of the Rh
species in the Rh-doped nanosheets are present very close to the
surface because the sheet thickness is ca. 1 nm, and the RhOg site
functions as an electron capture site. Therefore, doping Rh into
the nanosheets could result in a significant improvement in
photocatalytic activity.

Figure 8a shows the photocatalytic activity for H, production
as a function of the amount of Rh doping. The Rh(0.03)-doped
Ca—Nb—O sheet exhibited maximum activity. The amount of
Rh in the Rh(0.03)-doped sheet corresponds to 0.59 wt % Rh in
the Ca—Nb—O sheet. For the Ca,Nb;0, sheet loaded with Pt,
Rh, 03, or NiO as cocatalysts, the optimum amount of cocatalyst
is typically in the region from 0.1 to 1.0 wt %. It is interesting that
the optimum amount of Rh-doping is close to that of Rh-loading.
The apparent quantum efficiency for H, production using the
Rh(0.03)-doped Ca—Nb—O sheet at 300 and 410 nm was 65
and 0.0054%, respectively, so that the apparent quantum effi-
ciency was relatively high under UV-light illumination as shown
in Figure 8b.

A model of the photocatalytic reaction mechanism in the
presence of CH;OH is illustrated in Figure 1. CH;OH is oxidized
to formaldehyde, formic acid, and carbon dioxide by photoex-
cited holes, whereas photoexcited electrons cause the reduction
of H,O to H,. After reaction under illumination for 6 h, HCHO
(1610 umol), CO, (9 umol), and HCOOH (1 umol) were
detected with formaldehyde as the main product due to the
oxidation of methanol in the Rh(0.03)-doped nanosheet system.
The HCHO was quantitated by iodometry.”* Moreover, H, and
D, evolution experimentation using CD3;0D instead of CH;0OH
resulted in a H,/D, mass current ratio of ~500. In the cases of
the H,0/CD3;0D system, CD3;0D was converted to CD;0H
after reaction, which is due to deuterium—hydrogen exchange
between CD;OD and H,O. If the hydrogen evolved under
illumination is due to decomposition of CD;0D or CD;0H,
D, (mass 4) or HD (mass 3) should be detected. However, the
main peak for the H,O/CD;0D system was mass 2 (H,) (see
Supporting Information). This indicates that H, evolution is due
to the reduction of H,O.

In conclusion, Rh-doped Ca—Nb—O nanosheets exhibited
high photocatalytic activity for H, production from a water/
methanol system without cocatalyst loading. The photocatalytic
activity of the nanosheets was affected by the amount of Rh
doping, and the Rh(0.03)-doped Ca—Nb—O sheet exhibited the
highest H, production rate; the H, production rate was 165
times larger than that of the parent layered oxide. The apparent
quantum efficiency at 300 nm was 65%. The doping of a noble
metal into the nanosheet is a promising approach to improve the
photocatalytic activity.
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