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ABSTRACT: Calcium tantalum oxynitride [Ca,Ta;0q,Ng,]~
nanosheets were prepared by exfoliating a layered perovskite
oxynitride (CsCa,Ta;0q,N,,) via proton exchange and two-step
intercalation of ethylamine and tetrabutylammonium ions.
Monolayer nanosheet was prepared by the above processes,
although some bilayer or trilayer nanosheets were also produced.
The [Ca,Ta;04,N,,] ™ nanosheets exhibited photocatalytic activity
for H, evolution from water under visible light irradiation. In
contrast, CsCa,Ta;Oy,N,, exhibited very low photocatalytic
activity for H, evolution under the visible light irradiation, even
when methanol was added to water as a sacrificial agent. The improved photocatalytic activity originates from the characteristics
of nanosheets such as their molecular thickness and large surface area. Further, the Rh-loaded [Ca,Ta;04,N;,]” nanosheets
restacked with protons exhibited photocatalytic activity for H, and O, evolution from pure water under UV-light irradiation. The
ratio of H,/O, evolved was around 3. The ratio of N/O in the catalyst remained the same after the photocatalytic reaction,
signifying that there was no decomposition of the catalyst during the reaction. This indicates that the present N-doped nanosheet
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is stable in the photocatalytic reaction.

B INTRODUCTION

Two-dimensional nanocrystals (nanosheets) prepared by
exfoliation of layered parent materials are single crystals with
thicknesses on the order of molecular sizes. Nanosheets are
about 0.5—2.0-nm thick depending on the parent layered
material, while their lateral dimensions ran§e from several
hundred nanometers to several micrometers. "> Nanosheets
with such unique structures have various potential applications.
For example, oxide,' ™10 hydroxide,n_14 and graphene nano-
sheets'> have been investigated for various potential
applications including fillers,'® cosmetics,'” ultraviolet protec-
tion films, and high-speed transistors.'® However, only a few
studies have investigated the preparation and application of
oxynitride nanosheets.'”°

Oxynitrides have been studied for various applications
including photocatalytic hydrogen production,” ™" dielectric
materials with ultrahigh dielectric properties,”>*® and electrode
catalysts for polymer electrode fuel cells (PEFCs).”” In
particular, tantalum-based oxynitrides such as TaON,
ATaO,N (A = Ca, Sr, Ba), and layered oxynitrides have been
investigated as potential visible-light photocatalysts.”*~>* A high
crystallinity and a large surface area are critical for realizing
high-efficiency photocatalysts, nanosheets satisfy both of these
requirements. In addition, the molecular size thickness of
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nanosheets also improves their quantum efficiency. For
conventional powder catalysts with particle diameters in the
range 0.5—3.0 ym, photoexcited electrons and holes generated
within them have to travel a long distance to the surface to
react with water. However, electrons and holes may recombine
or become trapped at defect sites during this long trip to the
surface, which can reduce their hydrogen production efficiency.
However, photoexcited electrons and holes generated in a
nanosheet can reach its surface without encountering
obstructions due to its ultrathin thickness and high crystallinity.
For example, [NbsO,,]*™ and [Ca,Nb;0;,]” nanosheets have
been reported to have higher catalytic efficiencies than their
parent compounds.”*>* Unfortunately, these nanosheets have
large band gaps and are thus not active under visible light
irradiation. As mentioned above, other studies of oxynitrides
have investigated the ultrahigh dielectric constants of BaTaO,N
and SrTaO,N>*?*® and a novel metal-free cathode catalyst for
PEECs using TaON.”’ In these studies, a high crystallinity and
a large surface area are vital for reducing the leakage current or
improving the catalytic activity.
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Thus, tantalum-based oxynitride nanosheets have the
potential to realize advances in photocatalysts, dielectric
materials, and PEFCs. To date, nitrogen-doped titania and
niobate nanosheets have been investigated.lg’20 However, there
have been no reports on tantalum-based oxynitride nanosheets,
possibly due to the difficulty in intercalating tetrabutylammo-
nium (TBA") ions (an exfoliation reagent) into tantalum-based
layered oxynitrides such as HCa,Ta;0,,_,N, and
HSr,Ta;0,_,N,. Our preliminary experiments confirmed that
TBA* ions could not be directly intercalated into
HCa,Ta;049_,N,.

Therefore, this study reports a successful example of the
preparation of tantalum-based oxynitride nanosheets
(Ca,Ta;04_,N,) from the parent layered perovskite oxynitride
(CsCazTa3Ow_xNy) based on a two-step intercalation process.
Their photocatalytic activity for hydrogen production from
water was investigated under visible light irradiation as one
example of an application of oxynitride nanosheets.

B EXPERIMENTAL SECTION

Nanosheet Preparation. Calcium tantalum oxynitride nanosheets
were prepared from the layered oxide, CsCa,Ta;O;. The parent
layered oxide was prepared from CsCO; (95.0% Wako), Ca-
(OOCCH;),-H,0 (99.0% Wako), and Ta,Og (99.9% Wako)
according to the literature.** The mixture of these reagents was
calcinated at 1000 °C for 10 h. An excess of alkali metal carbonate (50
mol.%) was added to compensate for the loss due to volatilization of
the alkali component. The parent layered oxide prepared was
converted into the layered oxynitride, CsCa,Ta;0,o_,N, by calcination
at 800 °C under NH; flow (100 mL/min) for 6 h. The Cs ions in the
layered oxynitride were exchanged with protons by acid exchange with
3 M HCI solution for a week. After proton exchange, the powder was
washed in several changes of water by centrifugation. The protonated
form (1.0 g) was stirred in 100 mL of a 1.0 M ethylamine (EA)
aqueous solution to intercalate the EA into the interlayer for S days.
The EA-intercalated layered oxynitride (1.0 g) was stirred for one
week in 150 mL of a 0.025 M tetrabutylammonium hydroxide
(TBAOH) aqueous solution to exfoliate into nanosheets. The
separation of unexfoliated power was performed by spontaneous
precipitation for 1 day and the supernatant was used as a nanosheet
suspension. The nanosheet concentration was calculated from the
powder obtained by drying the nanosheet suspension at 500 °C. The
nanosheet suspension had a concentration of about 2.0 g/L.

Photocatalytic Reactions. A photocatalytic reaction was
performed using a conventional closed circulation system (see the
Supporting Information, SI). A quartz reaction cell was irradiated by
light from an external light source. During the reaction, the suspension
was mixed using a magnetic stirring bar. Ar gas (initial pressure: 18.3
kPa) was used as the circulating carrier gas. The amounts of H, and O,
formed were measured by gas chromatography, which was connected
to a conventional volumetric circulating line by a vacuum pump. 200
mL of water, 0.1 M AgNO; aqueous solution, or 20 vol.% methanol
aqueous solution was used as the reaction solution. The amounts of
catalyst were 200 or 10 mg. Co-catalysts were photodeposited on
nanosheets in 20 vol.% methanol aqueous solution (100 mL of
nanosheet suspension, 40 mL of methanol, 30 mL of water) containing
RhCl;-3H,0 (99.5%, Wako), Ru(NH,),Cl; (Wako), or Pt-
(NH,),(NO;), (99.995%, Aldrich) by irradiation with the 500 W
Xe lamp for 12 h. The loading amount was adjusted by changing the
amount of RhCl;-3H,0, Ru(NH,),Cl,, and Pt(NH,),(NO;), aqueous
solutions. After loading the cocatalyst, a cellophane tube filled with
0.01 M H,SO, aqueous solution was immersed in the nanosheet
suspension while stirring constantly. This resulted in nanosheet
deposition due to proton absorption. The deposited nanosheets were
washed in several changes of water by centrifugation to remove
residual TBAOH. The nanosheet paste obtained by centrifugation was
used without drying for photocatalytic activity evaluations. In the case

of the photocatalytic hydrogen evolution test from methanol aqueous
solution, the photocatalytic activity was evaluated using the nanosheet
suspension used for loading the cocatalyst without any change.

Characterization and Equipment. The crystal structure was
analyzed by X-ray powder diffraction (Cu Ka radiation; Rigaku, RINT-
2500). The oxygen-to-nitrogen ratio was determined by a HNO
analyzer (Horiba, EMGA-930). Thermogravimetric differential ther-
mal analysis was performed using a thermal analyzer (Rigaku, 8120).
The surface morphologies of the powders were analyzed by scanning
electron microscopy (SEM; JEOL, SU8000) and digital microscopy
(Keyence, VH-ZS00R). UV—vis absorption spectra were obtained by a
reflection method using a spectrophotometer (HITACHI U-3310)
with an integrating sphere. Five faces except for the entrance face of
light of a rectangular quartz cell, with a light path length of 1 mm, were
covered with reflectors to minimize the scattering effect. Raman
spectroscopy was carried out using a Horiba Jobin Yvon HR800 with
744 nm initial excitation laser. The total optical modes of Raman
spectrum of CsCa,Ta;0,, was determined bansed on the information
provided by the Bilbao Crystallographic Center Web site (www.cryst.
ehu.es). The thickness of the exfoliated nanosheets was measured by
atomic force microscopy (AFM) (Seiko, Nanocute). Transmission
electron microscopy (TEM), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images, and
selective-area electron diffraction (SAED) pattern of nanosheets
were obtained using JEOL JEM2400 and JEM-ARM200F microscopes.
'H magic-angle spinning (MAS) nuclear magnetic resonance (NMR)
spectra were obtained using a Bruker MSL400 spectrometer. The
sample spinning rate was 30 or 8 kHz and adamantane was used as the
reference material. The H,, O,, N,, and CH, gases generated in the
photocatalytic reaction were measured by a gas chromatography with a
thermal conductivity detector (Shimadzu Corp.,, GC-8A). The
CH;COO™ and HCOO™ ions formed in the photocatalytic reaction
ions were measured by ion chromatography (DIONEX, ICS-1000). A
500 W Xe lamp (USHIO, SX-UIS00XQ) and 300 W Xe lamp (ASAHI
SPECTRA, MAX-302) were used as light sources for the photo-
catalytic reaction.

B RESULTS AND DISCUSSION

The first step in the synthesis of Ca;Ta30,,_,N, nanosheets
was the nitridation of CsCa,Ta;0,y to CsCa,Ta;0,, N,
Figure lab show XRD patterns of CsCa,Ta;0,, and
CsCa,Ta;0,0_,N,, respectively. CsCa,Ta;0,, and
CsCaTa;0,0_,N, both have tetragonal symmetry with P4/
mmm space group (a = 0.38672 nm; ¢ = 1.55323 nm).** The a-
axis was slightly longer (a = 0.38683 nm) after nitridation, as
shown in Figure lab. There were no other significant
differences in the diffraction patterns of the layered oxide and
oxynitride, which agrees with the result reported previously.”*

This indicates that nitrogen partially substituted oxygen in
the layered oxide without altering the crystal phase. Nitrogen
and oxygen have valencies of —3 and —2, respectively; this
implies that three oxygen atoms are substituted by two nitrogen
atoms to compensate the charge. TG/DTA analysis of
CsCa;Ta;0,,_,N, in 20—800 °C in ambient air revealed that
the total weight increased by 0.389% due to nitrogen replacing
oxygen (Figure 2). The N/O molar ratio of CsCa,Ta;04_,N,
was determined by the HNO analyzer to be approximately 2%
(CsCa,Ta309,Ny,). Figure 1c shows the XRD pattern of
protonated layered oxynitride (H—Ca,Ta;0,o_,N,). The Cs
atoms in CsCa,Ta;04,N,, were exchanged with protons by the
acid treatment. The N/O molar ratio of H—Ca,Ta;0,,_,N, was
determined to be approximately 2% (H—Ca,Ta;04,N,,). The
phase crystallographic structure of H—Ca,Ta;04,N,, differs
from those of its parent compounds due to the space group
changing from P4/mmm to I4/mmm. The protonated form was
stirred in ethylamine (EA) aqueous solution to intercalate the
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Figure 1. XRD pattern of (a) CsCa,Ta;0y, (b) CsCa,Ta;0,0_,N,,
(c) HCa,Ta;0,_,N,, (d) EA-intercalated Ca,;Ta;0;_,N,, and (e)
Ca,Ta;04,_,N, nanosheet powder.
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Figure 2. TG/DTA curve of CsCa,Ta;0,y_,N, in ambient air.

EA into the interlayer. XRD pattern of the EA-intercalated
Ca,Ta;04,N|, indicates that the distance between layers in the
H—-Ca,Ta;04,N,, system increased due to EA intercalation as
indicated by the diffraction peak of the (00!) plane being
detected at a lower angle (Figure 1d). The basal distance of the
EA-intercalated form was 2.209 nm. The diffraction peaks
assigned to the (00) and (hkO) planes were detected in EA—
Ca,Ta;09,N,,, whereas no diffraction peak was observed for
the (hkl) plane indicating that the layered system became
slightly disordered on EA intercalation.

The [Ca,Ta;04,N;,]” nanosheets were synthesized by
stirring EA—Ca,Ta;04,N, in TBAOH aqueous solution.
During synthesis, the layered structure exfoliates into nano-
sheets though the intercalation of bulky TBA' ions into
interlayers. Figure le shows XRD patterns of the
Ca,Ta;097N;, nanosheet powder obtained by centrifuging
the Ca,Ta;0,-,N;, nanosheet suspension. The peaks of the
(001) plane shifted to even lower angles due to the presence of
TBA" ions in the interlayers to compensate the individual
negatively charged nanosheets. The basal distance of the
nanosheet powder was 2.995 nm.

It is interesting to note that Ca,Ta;04,N,, nanosheets could
not be fabricated directly from H—Ca,Ta;O,y;N;,, since TBA*
ions are not intercalated into H— Ca,Ta;0,,N,, without the
EA intercalation step (see SI Figure S2). This strongly suggests
that EA intercalation is an essential step in the nanosheet
synthesis. The process of intercalation of amine into H—
Ca,Ta;09,Nj, is commonly understood as an acid—base
reaction between interlayer protons (Bronsted acid) and
amines (Brensted base). This process generally depends on
the size and charge density of the guest species, and the
hydration state of the layered compounds. A TBA" ion is a
quaternary ammonium ion with four butyl groups attached to a
positively charged nitrogen atom at the center. The diameter of
a TBA" ion is 0.8 nm which is larger than the interlayer distance
of H—Ca,Ta;0,,N;, (around 0.2 nm). This relatively large
diameter of TBA" ion may have been one of the possible
reasons for the current finding. Further, it was found that
drying of H— Ca,Ta;0y;Ny, is also a crucial stage in the
fabrication of Ca,Ta;O4,N;, nanosheets. When H-—
Ca,Ta;04,N, was dried at 100 °C, EA intercalation was not
fully completed, indicating that the hydration state of H—
Ca,Ta;04,N,, affects the intercalation reaction. The optimum
drying temperature for EA intercalation of H—Ca,Ta;04,Nj,
was found to be around room temperature, preventing
hydrated water from evaporating from the interlayers. As to
be described in a later section, the state of protons in the
interlayer of H—Ca,Ta;09-N,, was affected by the drying
condition. Thus, the hydration state of the layered compounds
and the large diameter of TBA" ion discussed earlier may have
necessitated the two-step intercalation for the present
experimental conditions.

Figure 3a—f shows the physical appearance, optical
microscopy, and SEM images of the parent compounds before
(CsCa,Ta304y) and after (CsCa,Ta;04;Ny,) calcination in a
NH; atmosphere (nitridation). The optical microscopy and
SEM images (Figure 3c—f) were taken at the same position
before and after nitridation. The color of the powder changed
from white to orange, while the crystal shapes remained the
same. This indicates that this nitriding reaction proceeded
without large changes in the crystal structure. The powder
consisted of flat or cubic crystals with grain sizes of about 0.1—
0.5 pm. The slight color difference between Figure 3, parts b
and d, may be due to the CCD camera filters used.

The position of nitrogen in the Ca,Ta;0y,N,, nanosheets
was investigated by 'H NMR. Figure 4a,b shows 'H MAS NMR
spectra of protonated layered oxide (without nitridation, H—
Ca,Ta;0;,) and protonated layered oxynitride (H—
Ca,Ta;0y;Ny,) dried in vacaum at 120 °C, respectively.
There are three peaks at 1.07, 623, and 12.23 ppm in H—
Ca,Ta;0,y, whereas the spectrum for H—Ca,Ta;0,,Nj,
contains five peaks at 1.08, 4.30, 6.65, 9.90, and 12.05 ppm.
This indicates that there are more differently bonded hydrogens
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Figure 3. The physical appearance (a), (b), optical microscopy (c),
(d), and SEM (e), (f) images of the sample powder before
(CsCa,Ta304y) and after (CsCa,Ta;0,,N,) calcination in a NH,
atmosphere at 800 °C.
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Figure 4. "H MAS NMR spectra for (a) H-Ca,Ta;0,, (30 kHz) and
(b) H—Ca,Ta;0,4,N,, (30 kHz) after removal of adsorbed and/or
intercalated water by drying in vacuum at 120 °C, (c)
HCa,T2;0,y«H,0 (8 kHz) and (d) H—Ca,Ta;09,Ny,-«H,O (8
kHz) after drying at room temperature. (f) The structural model of
H—-Ca,Ta;0.

in H-Ca,Ta;0y,Nj, than in H—Ca,Ta;0,,. Regarding the
assignment of the above peaks, a similar result has been
reported for HSr,Nb;O,;, which has a similar structure as
HCa,Ta;0,,>° HSr,Nb;O,, has two peaks at 1.3 and 10.0

ppm; the peak at 1.3 ppm is assigned to isolated Nb—OH
groups without hydrogen bonds, while the peak at 10.0 ppm is
due to strongly acidic OH groups fixed in the interlayer space.
In the present study, the peaks at about 1 and 12 ppm of
HCa,Ta;0), and H—Ca,Ta;0y,N,, are assignable to the
isolated Ta—OH group without hydrogen bonds and strongly
acidic OH groups fixed in the interlayer. The peaks around 6—7
ppm for a layered compound containing transition metal
octahedra such as TiO4 NbOg, and TaOy are reported to be
attributed to hydrogen-bonded M—OH (M: Ti, Nb, Ta).** On
the basis of previously reported results, the present peaks at
6.23 and 6.6S ppm for HCa,Ta;0,, and H—Ca,Ta;04,N,, can
be similarly assigned to hydrogen-bonded Ta—OH. The other
small peaks (4.30 and 9.90 ppm) of H—Ca,Ta;0,4,N,, indicate
that there are two nitrogen doping sites that can be in contact
with protons in the interlayer. One is the top oxygen site
(Ta(2)—0(4)) in TaOg4 octahedra and the other one is the
middle oxygen site (Ta(2)—O(3)—Ta(2)) between TaOq
octahedra, as shown in the structural model of Figure 4e.
The 'H NMR peaks assigned to Ta—NH, and Ta=NH in
Ta(V) amido imido complex appear around 4 and 9 ppm,
respectively.®” Therefore, the new peaks at 4.30 and 9.90 ppm
of H—Ca,Ta;0,,N,, may be due to Ta(2)—NH, and Ta(2)—
(NH)—Ta(2), respectively. These results indicate that nitrogen
in the host layer is present in at least two oxygen sites (O(4)
and O(3) sites).

Figure 4c,d shows the 'H MAS NMR spectra of hydrated
protonated layered oxide and oxynitride (H—Ca,Ta;0,,-«H,0
and H—Ca,Ta;0,,Ny,xH,0), respectively. The peaks at
about 1 (0.92 and 0.78) and 12 (12.23 and11.86) ppm are
assignable to the isolated Ta—OH group without hydrogen
bonds and strongly acidic OH groups fixed in the interlayer.
The peaks at 6.29 and 8.87 ppm of H—Ca,Ta;0,y-xH,0 and
H—Ca,Ta;0,,N,xH,0 were shifted to lower ppm (6.23 and
6.65 ppm, respectively) by the drying treatment. Therefore,
these bonding conditions might be related to free water
intercalated into the interlayer. Presumably, these peaks are also
attributed to hydrogen-bonded Ta—OH. The difference in the
peak position may be due to a difference in the interlayer
condition in the system created by nitridation. The small peak
at 3.34 ppm of H—Ca,Ta;0y,N,«H,0 may be due to
Ta(2)-NH,.

The structure of CsCa,Ta;0,, belongs to the tetragonal P/
mmm (D'y;,) space group. The unit cell has 16 atoms so that
the number of normal vibrations is 48. Employing Wyckoff site
notation and factor group analysis, the complete vibrational
representation of CsCa,Ta;0,, can be described as follows:

[ = 5Alg + Blg + 6Eg + 8A2u + 2B2u + 10Eu

where SAlg + Blg + 6Eg are Raman active and 7A2u + 9Eu are
IR active (1A2u + 1Eu are acoustic modes and 2B2u are silent
modes). The Raman active modes, SAlg + Blg + 6Eg, are
related only to the motions of Ca (2 h site; Raman active mode:
Alg + Eg), Ta(2) (2 g site; Raman active mode: Alg + Eg),
0O(2) (2 g site; Raman active mode: Alg + Eg), O(3) (4i site;
Raman active mode: Alg + Blg + Eg), and O(4) (2 g site;
Raman active mode: Alg + Eg) atoms; the Cs (1d site), Ta(1)
(1a site), and O(1) (2f site) atoms do not directly contribute to
Raman active modes according to group theory analysis. Thus,
theory predicts that there will be 12 Raman-active modes and
16 IR-active modes.

However, the Raman spectrum for CsCa,Ta;0;, contains at
least 15 peaks (although some are small), which exceeds
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thenumber of theoretical Raman-active modes as shown in
Figure 5a. The XRD analysis results indicate that the present
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Figure 5. Raman spectra of (a) CsCa,Ta;0,, (b) CsCa,Ta;0,4,Ny,,

(c) CsCa,Ta;0y;Ny, calcinated at 800 °C in air, (d) H—Ca,Ta;0y,
and (e) H—Ca,Ta;04,Ny,, and (f) Ta;N;.

material does not contain a detectable impurity phases (see SI).
The oxygen atom sites in the crystal data (CsCa,Ta;04y)
refined from powder XRD patterns by Rietveld analysis** may
differ from those of the actual material because it is generally
difficult to accurately calculate the positions of oxygen atoms
(i.e., light elements) in crystals from XRD patterns. Therefore,
in the present study, the nitridation condition in the layered
compound was analyzed not from the crystal data, but by
comparing Raman spectra obtained before and after nitridation
and proton exchange.

Figure Sab shows Raman spectra of CsCa,Ta;0,, and
CsCa,Ta;09,Ny,, respectively. Eight new peaks appear after
nitridation (Figure Sb). When CsCa,Ta;0,,N,, was calcinated
at 800 °C, these eight peaks disappeared and the Raman
spectrum became identical to that of the initial CsCa,Ta;0,
(Figure Sc). This indicates that CsCa,Ta;0o,N,, prepared by
nitridation returns to the initial layered oxide by a reoxidation
reaction. Figure Sd,e shows the Raman spectra obtained after
proton exchange. In both the layered oxide and oxynitride
spectra, the peak intensities at about 930 cm™' decreased and
shifted to higher wavenumber, the peaks at about 330 cm™'
split into two peaks at 300 and 335 cm™'. Previous
investigations of layered oxides AAE,Nb,O,,xH,0 (A: Na,
K, Rb, and Cs; AE: Ca, Sr, and Ba)® revealed that they have
similar spectra to those of CsCa,Ta;0,, and CsCa,Ta;09,N,.
Based on comparison with the assignments for AAE,Ta;0,,
the Raman modes around 930 and 330 cm™" were attributed to
the vibration modes associated with the top oxygen atom,
O(4), which is easily influenced by the interlayer species. In
contrast, several peaks (including the above-mentioned eight
new peaks) of layered oxynitride did not change on proton
exchange. The eight peaks might be assigned to one of the
following three kinds of vibrations: (1) those involving nitrogen
atoms doped in the lattice; (2) those involving defects

generated to compensate the charge balance after nitridation;
and (3) those involving impurities phases. The Raman
spectrum of Ta;N; is shown in Figure S(f), which matches
fairly well with the eight new peaks described above. However,
there is a slight difference in the positions and ratio of the two
main peaks. The ratio of two main peak intensities at 125 and
265 em™! (Lgs cm1/Ti2s em1) in Ta;Ng was 0.96, while the two
main peaks were at 125 and 268 cm ™ in CsCa,Ta;0,,N,, with
the ratio of 0.03 (Lsg cm-1/I125 cm1)- The intensity of the peak at
268 cm™! in CsCa,Ta;0,4,N,, was much weaker than that at
265 cm™" in Ta3N;. In addition, some peaks such as at 595 and
900 cm™" observed in Ta;N; do not, however, clearly appear in
CsCa,Ta;09,Nj,. Thus, the new eight peaks which appeared
after the nitridation reaction cannot be assigned to Ta;Ni.
Furthermore, no Ta;N; peaks were detected in the XRD
patterns of CsCa,Ta;09,N,, (see SI Figure S1). These results
suggest that the new eight peaks may not be due to an impurity
phase, but may be associated with nitrogen atoms residing in
the lattice, possibly converting a small portion of TaOg
octahedra to TaOg,N, or TaN4 octahedra in the layered
compounds.

Exfoliation of layered EA—Ca,Ta;09,N,, to Ca,Ta;04,Nj,
nanosheets was confirmed by AFM observations. Figure 6a
shows the appearance of a nanosheet suspension. The
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Figure 6. (a) The appearance of a nanosheet suspension, (b) AFM
image and (c) cross-sectional profile of monolayer nanosheet, and (d)
AFM image and (e) cross-sectional profile of bilayer and trilayer
nanosheets.
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suspension was orange in color due to nitrogen doping. Figure
6b shows an AFM image of Ca,Ta;0y,N,, nanosheets. They
had lateral dimensions of about 0.1—0.5 um. Figure 6c shows a
cross-sectional profile of a nanosheet measured between points
A and B in Figure 6b. The nanosheets were approximately 2.8—
3.1 nm thick, which is approximately 1.3 nm thicker than the
theoretical perovskite blocks of the parent compound,
estimated from crystallographic data. The difference between
the nanosheet thickness estimated from AFM observations and
the theoretically calculated thickness is due to the absorption of
water and amine.*® Furthermore, the nanosheet (liquid)
suspension contained bilayer and trilayer nanosheets in
addition to monolayer nanosheets, as shown in Figure 6d,e.
Figure 7a shows a TEM plan image of two oxynitride
nanosheets. The square SAED pattern shown in Figure 7b

1 2.0nm

Figure 7. (a),(b) TEM images, (c) SAED pattern, and (d),(e)
HAADF-STEM images of oxynitride nanosheets.

confirms that the nanosheet has a single-crystal structure.
Figure 7c shows a magnified TEM image of the nanosheet in
Figure 7a. Lattice fringes are clearly observed over most of the
observation area, except for at the edges (this may be because
the edges were damaged during exfoliation). Figure 7d,e shows
HAADEF-STEM images of a nanosheet. The white spots are Ta
atoms. The distance between neighboring Ta atoms is
estimated to be 0.386 nm, which corresponds to an a axis
length of 0.387 nm. For the sample shown in Figure 7d,e, the
lattice fringes are obtained from the entire nanosheet. Thus, the
nanosheet suspension consists of perfect single-crystal nano-
sheets and some nanosheets with damaged edges.

Figure 8ab shows UV-—vis spectra of the parent layered
oxynitride, CsCa,Ta;0y;Nj,, and the oxynitride nanosheet
suspension, respectively. They contain two absorption bands:
one around 500—600 nm and the other around 300—500 nm.
The first absorption is due to excitation from the N 2p orbital
to the Ta Sd orbital, while the second absorption band
corresponds to excitation from the O 2p orbital to the Ta 5d
orbital. The nanosheet and the parent compound had
absorption edges at 597 and 582 nm, respectively. This
decrease in the adsorption edge may be due to the quantum
size effect that has been reported for exfoliation of layered
parent oxides. In the visible light region, the light absorbance of
the nanosheet suspension was weaker than that of

300 400 500 800 700 80C
Wavelength / nm

Figure 8. UV—vis absorption spectra of (a) CsCa,Ta;0,,Ny, and (b)
Ca,Ta;0,,N,, nanosheet suspension, (c) Ca,Ta;Oy,N,, nanosheet
powder, and (d) CaCa,Ta;0,.

CsCa,Ta;04,Ny,, which is due to the lower concentration of
nanosheet suspension than that of the bulk materials. Figure 8c
shows the absorption spectrum of nanosheet powder (solid)
obtained by drying of the nanosheet suspension. The light
absorbance of the nanosheet powder (solid) in the visible
region was greater than that of the nanosheet suspension, but
lower than the parent layered material. The ratio of nitrogen to
oxygen in the nanosheet powder, measured by the HNO
analysis, was almost the same as that of the parent layered
material (2%). These results confirm that the oxynitride
nanosheets did not decompose during the exfoliation reaction.
Furthermore, the decrease in the absorbance in the visible light
region might be due to some changes in the band structure of
the materials before and after the exfoliation reaction. Figure 8d
shows the UV—vis absorption spectrum for CsCa,Ta;0;,. The
wavelength of the absorption edge (about 300 nm) was shorter
than that of CsCa,Ta;0,,Nj,.

Figure 9 shows XPS Ta 4d, Ta 4p and N 1s narrow spectra of
Rh-loaded Ca,Ta;0y,N,, nanosheet before and after the

(@) Ta 4dg, (b)
Ta 4d 52

Ta 4dpy,

Intensity/ a. u.
Intensity/ a. u.

— Before reaction
— After reaction

— Before reaction
— After reaction

250 240 230 220 405 400 395
Binding energy/eV Binding energy/eV
Figure 9. XPS narrow spectra of a Rh-loaded Ca,Ta;0,,N;,

nanosheet for (a) Ta 4ds/, and 4d;/, and (b) Ta 4p;;, and N 1s
before and after photocatalytic reaction for 24 h.

photocatalytic reaction for 24 h. The peaks at 241.2 and 230.1
eV were assigned to Ta(5+) 4d;/, and 4d; ,, respectively. The
binding energies of Ta 4p;/, and N 1s peaks were observed at
403.9 and 395.6 eV, respectively. The peak at 395.6 eV was
assigned to the Ta—N bond, indicating N doping within the
nanosheet lattice. These energy positions in the XPS spectra

dx.doi.org/10.1021/ja3043678 | J. Am. Chem. Soc. 2012, 134, 15773-15782
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were constant before and after the photocatalytic reaction,
indicating that Ca,Ta;09,N,, nanosheet is stable under photo
irradiation.

Figure 10 shows the photocatalytic activity of oxynitride
nanosheets. Figure 10a shows the effect of cocatalysts on H,
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Figure 10. Photocatalytic activities of CsCa,Ta;Oy;N;, nanosheet;
(a) the effect of cocatalysts on H, production in a 20 vol % methanol
aqueous solution (loading amount: 0.15 wt%), (b) H, production as a
function of the amount of Rh loading for 1 h, (c) H, evolved from a
system in aqueous 20 vol % methanol solutions under visible light
(>420 nm) irradiation, (d) O, evolved from the system in a 0.1 M
AgNO; solution under visible light (>420 nm) irradiation, (e) H, and
O, evolution from pure water under full arc, and (f) H, evolution from
pure water under visible light irradiation. The amount of catalyst: 200
mg, catalyst: 0.15 wt % Rh-loaded samples.

production in a methanol aqueous solution under full arc
irradiation. Methanol was employed as the sacrificial reagent.
Nanosheets without a cocatalyst had a very low activity for
photocatalytic hydrogen generation; the catalytic activity of the
system with a cocatalyst was improved. In particular, Rh-loaded
nanosheets exhibited the highest activity. The photocatalytic
activity for H, production is plotted as a function of the amount
of Rh loading in Figure 10b. The best performance was
exhibited by 0.15 wt % Rh-loaded nanosheets. Figure 10c,d
shows the amounts of H, and O,, respectively, evolved under
visible light (>420 nm) irradiation as a function of the
irradiation time (Rh-loaded (0.15 wt %) Ca,Ta;04,Ny,
nanosheet). H, evolved from the system in aqueous methanol
solutions, whereas O, evolved from the system in a 0.1 M
AgNO; solution. These results indicate that Rh-loaded
oxynitride nanosheets have the potential to decompose water
into hydrogen and oxygen. Figure 10ef shows the time
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dependence of hydrogen and oxygen evolution in pure water
under full arc and visible light irradiation, respectively.

The photocatalytic activity of the N-doped nanosheet for H,
evolution under UV light in the presence of CH;O0OH was
relatively high (330 gmol/h), while the activity under visible
light was low (0.47 ymol/h) as shown in Figure 10b and 10c.
This implies that photoexcited electrons and holes in the
nanosheet under the visible light irradiation easily recombine
before the actual photo reaction. The possible reason for this
recombination reaction might be the doping condition of
nitrogen. There have been many studies on the effect of
nitrogen doping in oxide semiconductors, such as N-doped
TiO,, on the photocatalytic reaction.**™* There are mainly two
general understandings on the state of nitrogen doped into
TiO,, one understanding is that the states of N 2p for the
substitutional nitrogen hybridize with O 2p states, and the
other is that the substitutional nitrogen forms isolated N 2p
states slightly above the O 2p valence band. These past studies
reported decreases in the photoelectrochemical performance of
N-doped TiO, electrodes in UV region, but enhancements in
visible light region. The decrease in the photoelectrochemical
performance is understood as due to the formation of isolated
N 2p states above the O 2p valence band edge, which act as
electron—hole recombination centers. In this present study,
nitrogen doping created the visible light response for the
photocatalytic reaction, although the catalytic activity was low.
Thus, one of the possible reasons for the low photocatalytic
activity of the N-doped Ca,Ta;04,N;, nanosheet in visible
light region might be associated with the state of nitrogen
doped into the lattice.

Figure 10e and 10f show the photocatalytic activity of Rh—
loaded (0.15 wt.%) Ca,Ta;04,N,, nanosheets restacked with
protons in pure water. Hydrogen was generated from pure
water both under full arc and visible light irradiation, however
there was no oxygen generated from this system. In order to
investigate why oxygen was not generated in the photocatalytic
reaction in pure water, products other than H,, O,, and N,
were analyzed after the photocatalytic reaction in pure water.
Small amounts of CH, and CH;COO™ and HCOO™ ions were
detected from the gas and liquid phases, respectively.

These products may possibly have originated from TBA'
and/or EA molecules utilized in the exfoliation and
intercalation reactions. Figure 11la shows the IR spectrum of
Rh-loaded nanosheet powder after washing with 0.1 M H,SO,,.
The small peaks at around 2800—3000 cm ™" are associated with
the C—H stretching, suggesting that a small amount of organic

Absorbance [ a.u.

3000 2900 2800 2700

Wavelength / em-!

3100

Figure 11. FT-IR spectra of Rh-loaded Ca,Ta;0y;N,, nanosheet
restacked with proton (a) before and (b) after photo irradiation.
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amines might remain on the surface of nanosheets. Some
organic amines may be strongly adsorbed onto the surface of
nanosheets. This implies that the washing process was not
sufficient to remove all the organic amines from the nanosheet
surfaces.

It was, however, interesting to find that when the experiment
was conducted over a longer period of time, oxygen was
generated from the system (see SI Figure S4). In the period
with no oxygen generation from the system, it is suspected that
there are two main reactions occurring; the oxidation of organic
amines and reduction of water into hydrogen. In the former
reaction, the organic species absorbed on the nanosheet might
get oxidized by holes. It is considered that this oxidation of
organic species may be preventing the oxidation of water into
oxygen, until all of the organic substances on the surface of
catalysts is decomposed.

Figure 12 shows the photocatalytic hydrogen and oxygen
generation of Rh-loaded (0.15 wt.%) Ca,Ta;0o;Ny, nano-

. _ z *Amount of catalyst: 10 mg
35- oH, ¢:0, XN, ‘ +Pure water
*300W Xe lamp

30 (a) 0-42 h (pre-treatment) (b)42-82 h
° Main reactions: Main reactions:
E- * Oxidation of arganic amines.- - Dxidation of water
~ o5 o " Reduction of water - Reduction of water
o
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Figure 12. Time course of photocatalytic hydrogen and oxygen
generation in pure water over Rh(0.15 wt %) loaded Ca,Ta;0,4,Ng,
nanosheets restacked with proton under UV-light irradiation (300 W
Xe-lamp); (a) reaction period of 0—42 h, (b) 42—82 h. (It is noted
that the amount of catalyst was reduced to 10 mg (c.f, 200 mg of
catalyst used for the experiment in Figure 10e) in order to decompose
the organic species absorbed on the nanosheet in a shorter period of
time).

sheets restacked with protons under UV-light irradiation in
pure water for 82 h, including the 42 h pretreatment of catalyst
surfaces (Figure 12a). At 42 h since the start of the experiment,
the amount of oxygen exceeded the corresponding amount of
nitrogen (i.e., the ratio of oxygen to nitrogen became over 1/4).
This implies that the oxidation of water became the preferential
oxidation reaction of this system. Figure 12 (b) shows the
photocatalytic hydrogen and oxygen generation after the
pretreatment process (ie, the amounts at 42 h are set as
zero.) Both oxygen and hydrogen were generated, and the
slopes for the amounts of hydrogen and oxygen evolved from
the reaction remained constant for the next 40 h (42—82 h).
The ratio of hydrogen to oxygen evolved was 3.1. These results
indicate that the Rh-loaded Ca,Ta;O4,Nj, nanosheet is a
potential catalyst for the photocatalytic splitting of water into
hydrogen and oxygen. In addition, it was found that the
removal of organic species such as organic amine from the

surface of nanosheet was an essential process for initiating the
water splitting reaction. The H,/O, ratio differs from the
theoretical value of 2. This might be associated with the
products generated by photocatalytic decomposition reaction of
organic species, which is currently being investigated. The ratio
of nitrogen to oxygen in the nanosheet (2%) measured by the
HNO analysis and the intensity of XPS signal at 395 eV
(assigned to Ta—N bond) remained the same after the
photocatalytic reaction, signifying that there was no decom-
position of the catalyst during the reaction. This suggests that
the present N-doped nanosheet is stable in the photocatalytic
reaction. Further, the peak assigned to C—H bond in the IR
spectrum disappeared after the photocatalytic reaction (Figure
11b), indicating that the organic species absorbed on nanosheet
were decomposed during the photocatalytic reaction.

Figure 13 shows time courses of H, evolution from aqueous
20 vol % methanol solutions on photoirradiation (>400 nm) in

1000(5) Full arc irradiation (b) Visible light irradiation
A :CsCa,Ta,04;Nyz: 2.1 umolrh 0,614 :C5Ca;T2:05;N; ;- 0.003 umolh
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g 750 @ :Nanosheet: 156.1umolh @ £ |®:Nanosheet: 0.10umolh
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Figure 13. Time course of hydrogen evolution over Ca,Ta;09,N,
nanosheets, the protonated form of the nanosheets (H—
Ca,Ta;04,N,,), and the parent layered oxynitride
(CsCa,Ta;09,Ny,) under (a) full arc irradiation and (b) visible
light irradiation (>400 nm). The amount of catalyst: 10 mg, cocatalyst:
0.15 wt % Rh-loaded samples.

the presence of 10 mg of Ca,Ta;0,,N,, nanosheets, the
protonated form of the nanosheets, and the parent layered
oxynitride under full arc and visible light irradiation. All samples
were loaded with Rh species by photodeposition. The H,
production rates of the parent layered oxynitride
(CsCa,Ta309,Np,) and protonated form (H—Ca,Ta;04,N,,)
were low under full arc irradiation, whereas the oxynitride
nanosheet exhibited a high photocatalytic activity. The H,
production rate of the nanosheets was 74 times greater than
that of the parent layered oxynitride (Figure 13a). The H,
production rate of the nanosheets under visible light irradiation
was 33 times greater than that of the parent layered oxynitride
as shown in Figure 13b. Since the present nanosheet
suspension contains monolayer, bilayer, and trilayer nano-
sheets, this result does not represent the actual potential of
monolayer nanosheets for photocatalytic hydrogen production.
These results demonstrate that the improved photocatalytic
activity originates from the characteristics of nanosheets such as
their large surface areas, approximately 1-nm thickness, and
high crystallinity. In addition, their slightly larger bandgap may
contribute to their improved activity.
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B CONCLUSIONS

Tantalum-based oxynitride (Ca,Ta;Oq,N,,) nanosheets were
prepared for the first time from CsCa,Ta;0,,N;, via proton
exchange, EA intercalation, and exfoliation. The N/O molar
ratio in CsCa,Ta;0q,N(, was 2.4%. The nanosheets were
approximately 2.8—3.1 nm thick, which is approximately 1.3 nm
thicker than the theoretical perovskite blocks of the parent
compound due to water and amine absorption. The nanosheet
suspension contained bilayer and trilayer nanosheets in
addition to monolayer nanosheets. Rh-loaded oxynitride
nanosheets exhibited photocatalytic activity for H, and O,
production from water under visible light irradiation in the
presence of sacrificial agents. In contrast, the parent layered
oxynitride, CsCa,Ta;0,,N,, exhibited very low photocatalytic
activity. Further, Rh-loaded (0.15 wt %) CsCa,Ta;04,Ny,
nanosheet exhibited activity for H, and O, evolution from
pure water under UV-light irradiation. The ratio of hydrogen to
oxygen evolved was around 3. The present N-doped nanosheet
is stable during the photocatalytic reaction. The present results
demonstrate the potential application of oxynitride nanosheets
for photocatalytic H, production from water.
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