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Interlayer modification and single-layer exfoliation of the 
Ruddlesden-Popper perovskite oxynitride K2LaTa2O6N to improve 
photocatalytic H2 evolution activity† 
Yuta Shiroma,a,$ Hiroto Mogi,a,$ Takeaki Mashiko,b Shuhei Yasuda,c,# Shunta Nishioka,a Toshiyuki 
Yokoi,c Shintaro Ida,d Koji Kimoto,b Kazuhiko Maedaa,e,* 

Modification of the interlayer nanospaces of lamellar solids is an effective means of enhancing the physical properties and 
chemical functions of such materials. The present work demonstrates the interlayer modification of the layered perovskite 
oxynitride K2LaTa2O6N, a photocatalyst having a ~600 nm absorption edge and exhibiting visible-light-driven H2 evolution 
activity. This material was subjected to various interlayer modifications, including H+/K+ exchange, ethylamine (EA) 
intercalation and exfoliation with tetra(n-butyl)ammonium hydroxide (with subsequent restacking) while maintaining its 
capacity for visible light absorption. H2 evolution activity from aqueous methanol with the aid of an optimal amount of a Pt 
cocatalyst was improved by a factor of approximately 60 following EA intercalation to increase the interlayer spacing of 
the host material. However, subsequent exfoliation-restacking to yield flocculated nanosheets led to a decrease in activity 
as compared with the EA-intercalated specimen. The present results indicate that the intercalation of EA provided 
interlayer nanospaces suitable for Pt cocatalyst loading and so promoted the photocatalytic H2 evolution reaction, while 
the restacked nanosheets did not provide space for Pt loading. 

Introduction 
 Two-dimensional materials exhibiting unique structural 
and electronic properties have many potential applications.1-5 
In addition, the modification of the interlayer nanospaces in 
lamellar solids by adding guest molecules or nanoclusters can 
produce various functional materials, including catalysts, 
photocatalysts, pigments and protonic conductors.4, 6 As an 
example, expanding the interlayer nanospaces of layered 
metal oxides is an effective approach for improving the 
photocatalytic activities of these materials by promoting the 
reactions of intercalated molecules.7, 8 In addition, many 
lamellar solids, including layered metal oxides, can be 
exfoliated to produce nanoscale sheets.9-11 The resulting metal 
oxide nanosheets comprise anisotropic, nanosized single 

crystals having a thickness of 1–2 nm and lateral dimensions 
ranging from several hundreds of nm to the µm scale. These 
materials represent useful building blocks for the fabrication of 
multi-component photosystems in the form of particles12-14 or 
thin films.15, 16 In fact, much effort has been devoted to 
applying oxide-based layered solids as functional materials, 
and so many approaches to interlayer modification have been 
developed, including the exfoliation of metal oxides. 
 Mixed anion compounds have recently received 
considerable attention as potential functional materials, and 
the interlayer modification of lamellar mixed anion 
compounds is of interest.17-19 As an example, the exfoliation of 
nitrogen-doped layered CsCa2Ta3O10 (CsCa2Ta3O9.7N0.2) as a 
means of synthesizing a heterogenous photocatalyst has been 
reported.20 In some cases, phase-pure undoped layered 
oxynitrides are preferable to their nitrogen-doped analogues 
because the former exhibit superior visible light absorption 
and limited formation of anion vacancies due to aliovalent O2–

/N3– exchange.21 However, the interlayer modification of 
undoped layered oxynitrides has rarely been reported. This 
lack of studies can be attributed to the poor stability of 
undoped layered oxynitrides in the aqueous media22 used for 
interlayer modification. The limited chemical instability of 
these materials is a serious challenge, as this instability leads 
to the loss of nitrogen. This effect eventually lowers the visible 
light absorption capacity of the compound.  
 Recently, we found some exceptional cases of chemically 
stable layered oxynitrides, which include K2LaTa2O6N23 and 
K2Ca2Ta3O9N.24 Ida et al. reported that a three-layer specimen 
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of the oxynitride perovskite Na2Ca2Ta3O9N could be exfoliated 
to produce nanoscale sheets. These sheets exhibited 
photocatalytic water splitting activity and were also able to 
transition to a free-standing film.25 The present work 
demonstrates the interlayer modification and single layer 
exfoliation of the Ruddlesden-Popper oxynitride K2LaTa2O6N 
with the aim of obtaining high photocatalytic activity. 
K2LaTa2O6N, which has a structure comprising two-layer 
perovskite blocks, undergoes H+/K+ exchange in water while 
maintaining a suitable degree of visible light absorption.23, 26 
This material also shows much higher photocatalytic activity 
than the three-layer analogue because of a longer 
photogenerated free electron lifetime.24 
 Therefore, the application of K2LaTa2O6N to photocatalytic 
reactions after suitable modification is of interest. The 
interlayer nanospaces in layered metal oxide photocatalysts 
are typically employed as reaction sites.7, 12, 13, 27-29 However, 
this technique has rarely been applied to undoped layered 
oxynitrides. This study confirms that the interlayer 
modification of the layered oxynitride, K2LaTa2O6N with a Pt 
cocatalyst improves photocatalytic activity during visible-light-
driven H2 evolution.  

Experimental 
Synthesis of layered K2LaTa2O6N 

 The synthesis was done according to a previously reported 
procedure with minor modifications.23, 26 Briefly, CsLaTa2O7 
was first synthesized using a polymerized complex method 
employing Cs2CO3 (≥99.5%; Kanto Chemicals Co.), 
La(NO3)3·6H2O (≥99.0%; Kanto Chemicals Co.) and TaCl5 
(≥99.9%; Mitsuwa Chemicals Co.) with calcination in air at 
1273 K for 2 h. The resulting material was then subjected to a 
topochemical cation exchange reaction in molten KNO3 
(≥99.0%; Wako Pure Chemicals Co.) at 673 K for 48 h to obtain 
KLaTa2O7. K2LaTa2O6N was produced by heating the as-
prepared KLaTa2O7 together with 75 mol% K2CO3 (≥99.5%; 
Kanto Chemicals Co.) in a tube furnace at 1173 K for 3 h under 
a 50 mL min–1 flow of gaseous ammonia (≥99.9995%; 
Sumitomo Seika Chemicals Co.). 
Intercalation of ethylamine into K2LaTa2O6N 

 Proton-exchanged K2LaTa2O6N (referred to hereafter as 
HxK2–xLaTa2O6N) was obtained by adding K2LaTa2O6N (1.0 g) to 
a 1 M aqueous HCl solution (100 mL) followed by stirring for 3 
d. After that, the HCl solution was removed, and the solid 
product was washed with pure water, separated by 
centrifugation and dried at room temperature. A portion of 
the resulting HxK2–xLaTa2O6N powder (1.0 g) was subsequently 
dispersed in a 1.0 M ethylamine (EA; 70 wt% in water; Kanto 
Chemicals) aqueous solution (100 mL). After agitating this 
suspension for 7 d at 180 rpm, the solid was collected by 
centrifugation and then dried overnight at 343 K. The material 
obtained from this process is referred to herein as EA/HxK2–

xLaTa2O6N. The intercalation of n-alkylamines such as EA into 
protonated layered perovskite oxides is known to proceed via 
acid-base interactions.11, 30-34 Analyses using solid-state NMR 

spectroscopy have also confirmed that the intercalated n-
alkylamines are present in such materials as the corresponding 
alkyl ammonium cations.31-34 
Exfoliation of EA/HxK2–xLaTa2O6N and restacking 

 A quantity of the EA/HxK2–xLaTa2O6N (0.5 g) was added to 
an aqueous tetra(n-butyl)ammonium hydroxide (TBAOH; 40 
wt% in water; Aldrich) solution (50 mL) and stirred for 1 week 
to exfoliate the material into nanosheets. Note that the 
TBAOH:EA/HxK2–xLaTa2O6N molar ratio in this mixture was 1:1. 
Any unexfoliated solid was removed by spontaneous 
precipitation during the first 24 h of this process leaving the 
supernatant as a nanosheet suspension. Trials, in which the 
suspended nanosheets were reacted with KCl to induce the 
formation of a solid, showed that the nanosheet concentration 
in this dispersion was on the order of 4 g L–1. 
 Restacked material was obtained by adding a 2.0 M 
aqueous KCl solution dropwise to the nanosheet suspension. 
The flocculated solid formed by this addition was then 
collected by centrifugation and dried in an oven overnight at 
333 K. The resulting restacked nanosheets are referred to 
herein as R-K2LaTa2O6N. The entire materials preparation 
procedure is depicted in Scheme 1. 

 

Scheme 1. Procedures used for the interlayer modification of K2LaTa2O6N. 

Characterization 

 Powder X-ray diffraction (XRD) patterns were obtained 
using a Rigaku MiniFlex600 with Cu Kα radiation over the 
range of 3°–60°. Solid-state 13C cross-polarization/magic-angle 
spinning nuclear magnetic resonance (CP/MAS NMR) spectra 
were acquired with a JEOL ECA-600 spectrometer (14.1 T) 
equipped with an additional 1 kW power amplifier. The 13C 
NMR shift was referenced to adamantane as an external 
standard. The samples were spun at 15 kHz using a 4 mm ZrO2 
rotor under ambient conditions. The textural characteristics of 
the specimens were assessed by N2 physisorption at 77 K using 
a BELSORP-mini II apparatus. Prior to each measurement, the 
sample was degassed at room temperature overnight under 
vacuum and then purged with He. Field-emission scanning 
electron microscopy (FE-SEM) images were obtained using a 
Hitachi SU9000 instrument. Energy-dispersive X-ray 
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spectroscopy (EDS) analyses were performed with a Super-X 
EDS detector system (Thermo Fisher Scientific) to investigate 
the bulk atomic compositions of K, La, Ta and N. 
Thermogravimetry (TG) data were obtained using a DTG-60 
apparatus (Shimadzu) under a flow of air (50 mL min–1). Al2O3 
was used as a reference and the rate of heating was 5 K min–1. 
Atomic force microscopy (AFM) images were acquired with a 
Nanocute instrument (Hitachi High-Tech) operating in the 
dynamic mode. Diffuse-reflectance ultraviolet–visible–near-
infrared spectroscopy (DRS) data were obtained using a JASCO 
V-770 spectrophotometer over the 300–700 nm wavelength 
range. X-ray photoelectron spectroscopy (XPS) was conducted 
using an ESCA 3400 apparatus (Shimadzu) with Mg Kα 
radiation and the obtained binding energies were corrected by 
reference to the C 1s peak (285.0 eV). Scanning transmission 
electron microscopy (STEM) observations were performed in a 
similar manner to those in previous work35 but with some 
modifications. The inner and outer detection semiangles of the 
annular dark field (ADF) detector were 45.8 and 200 mrad, 
respectively, with an incident probe current of 2–5 pA. 
Photocatalytic reactions 

 Photocatalytic reactions were performed using a closed gas 
circulation system equipped with a top irradiation type 
reaction cell.36 In each trial, a 50 mg quantity of the 
photocatalyst was dispersed in an aqueous methanol solution 
(10 vol.%, 140 mL) and this suspension was mixed using a 
magnetic stirring bar throughout the reaction. A 300 W xenon 
lamp fitted with a cutoff filter was used as the light source (λ> 
400 nm). The amount of H2 generated was determined by a 
gas chromatograph using Ar as the carrier gas and equipped 
with a thermal conductivity detector and an MS-5A column. 
This instrument was directly connected to the closed gas 
circulation system. The catalyst specimens were loaded with a 
Pt cocatalyst using an in situ photodeposition method 
employing H2PtCl6·6H2O (Wako Pure Chemicals) as a 
precursor.37 The Pt loading was 1 wt% unless otherwise stated. 
 The apparent quantum yield (AQY) values for the H2 
evolution reaction over the various specimens were obtained 
using a similar setup but with monochromatic visible light (λ = 
420 nm). The AQY was calculated as 
 AQY (%) = (2 ´ R/I) ´ 100, 
where R and I represent the rate of H2 evolution and the rate 
at which incident photons were received, respectively. The 
total number of incident photons (22.3 mW) was determined 
using a calibrated silicon photodiode. 

Results and discussion 
Physicochemical characterization 

 Figure 1 shows the XRD patterns obtained from the original 
K2LaTa2O6N and from the various derivatives. The peak 
assigned to reflections from 001 planes, which were in the 
stacking direction of the perovskite layers, was shifted to 
higher 2q angles following K+/H+ exchange due to the loss of 
water from the interlayer spaces, as has been previously 
reported.23 Treatment of the resulting HxK2–xLaTa2O6N with EA 

produced a significant low-angle shift of the 001 peak. The 
interlayer spacing for each sample was calculated from the 001 
peak position and this spacing was found to have increased 
from 12.94 Å in the case of the starting K2LaTa2O6N to 16.31 Å 
for the EA/HxK2–xLaTa2O6N. Importantly, neither the proton 
exchange nor the EA treatment significantly affected the 
positions of peaks related to in-plane reflections (such as the 
100 and 110 peaks), as compared with HxK2–xLaTa2O6N. These 
results indicate that the interlayer spaces in the HxK2–

xLaTa2O6N were successfully modified while maintaining the 
original lamellar structure, which is typical of topochemical 
reactions. The intercalation of EA was also supported by EDS 
results. The data in Table 1 demonstrate that the K/Ta and 
La/Ta ratios were almost unchanged following the reaction of 
HxK2–xLaTa2O6N with EA. CP/MAS NMR spectroscopy 
confirmed that ammonium cations were intercalated into the 
HxK2–xLaTa2O6N, as shown in Fig. S1. 

 

Fig. 1. XRD patterns obtained from the K2LaTa2O6N and its derivatives. 

Table 1. Specific surface areas and elemental compositions of K2LaTa2O6N and its 
derivatives 

Sample Specific surface 
area / m2 g–1 

Bulk atomic ratioa Surface N/Ta 
ratiob K/Ta La/Ta 

K2LaTa2O6N 5.0 1.01  
± 0.04 

0.60  
± 0.04 

0.37 

HxK2–xLaTa2O6N 7.4 0.08  
± 0.01 

0.52  
± 0.02 

0.19 

EA/HxK2–xLaTa2O6N 16.0 0.10  
± 0.00 

0.50  
± 0.01 

0.10 

R-K2LaTa2O6N 18.4 0.45  
± 0.00 

0.51  
± 0.01 

0.10 

Ideal K2LaTa2O6N - 1 0.5 - 

 a Measured by EDS. b Calculated based on the corresponding XPS peak areas. 
The N 1s XPS peak used for the calculation is attributed to lattice N species. 

 SEM images of the K2LaTa2O6N with and without EA 
intercalation are provided in Fig. 2. Plate-shaped particles 
reflecting the layered structure of the material can be seen in 
both specimens, again confirming the successful topochemical 
reaction. However, the specific surface area, as determined by 
nitrogen-adsorption at 77 K, was increased from 5.0 m2 g–1 in 
the case of the original K2LaTa2O6N to 16.0 m2 g–1 for the 
EA/HxK2–xLaTa2O6N. The TG data indicated that EA was 
incorporated in the sample to a level of 8.6 wt% (Fig. S2). 
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Fig. 2. SEM images of the K2LaTa2O6N and its derivatives. 

 Exfoliation of the lamellar K2LaTa2O6N to form single-layer 
sheets was also found to be possible. As shown in Fig. 3a, the 
reaction of EA/HxK2–xLaTa2O6N with TBAOH resulted in a 
yellowish colloidal suspension and this suspension was found 
to be stable for at least 1 month. Figure 3b presents a typical 
AFM image of the colloidal suspension, in which sheet-like 
objects having lateral dimensions in the range of 0.1–0.5 µm 
appear. The height profile obtained from this sample indicates 
that the thickness of the sheets was approximately 1.3 nm and 
so was very similar to that of the two-layer perovskite blocks in 
K2LaTa2O6N as determined from crystallographic data.23 In 
addition, the lateral dimensions of the sheets were consistent 
with those observed in K2LaTa2O6N by SEM (Fig. 2). These 
results confirm that TBA+-exfoliated LaTa2O6N2– sheets were 
successfully prepared, although the material may have 
contained some residual EA. 

 

Fig. 3. (a) Digital photographs of the TBA+-exfoliated LaTa2O6N2– nanosheet colloidal 
suspension and (b) a typical AFM image and the height profile of a nanosheet. 

 The addition of KCl to the TBA+-exfoliated LaTa2O6N2– 
nanosheet colloidal suspension led to an immediate 
flocculation of the colloids. The XRD pattern of the flocculated 
solid (that is, the R-K2LaTa2O6N) exhibited weak 00l peaks 
although the intensity of the in-plane reflection peak remained 
relatively close to that of the parent K2LaTa2O6N (Fig. 1). These 
data indicate that the flocculated solid did not retain the long-
range order of the layered structure present in the parent 
material but did keep the original in-plane crystallinity. The 
same behaviour has been observed in studies with other 
inorganic layered solids subjected to exfoliation and 
restacking.4, 28 The peak position of the 001 plane in R- 
K2LaTa2O6N was higher than that of the original K2LaTa2O6N, 
indicating a narrower interlayer. This could be due to the 
insufficient intercalation of K, which is supported by the EDS 
results (Table 1). SEM observations also confirmed the 
formation of a disordered structure in the restacked material 
(Fig. 2). The specific surface area of the R-K2LaTa2O6N was 
determined to be 18.4 m2 g–1. 

 As shown in Fig. 4, EA intercalation did not significantly 
alter the position of the absorption edge of the host 
K2LaTa2O6N, which was located at 580 nm. However, the 
intensity of the Kubelka-Munk function was decreased 
following EA intercalation. This result suggests some loss of 
nitrogen from the K2LaTa2O6N, although a quantitative 
evaluation of the nitrogen content was difficult because the 
specimen incorporated EA, which also contained nitrogen. The 
visible light absorption capability was further reduced in the 
case of the R-K2LaTa2O6N. Our group previously demonstrated 
that layered K2LaTa2O6N shows high (photo)chemical stability 
in aqueous media. Specifically, the proton-exchange reaction 
of K2LaTa2O6N in aqueous HCl was found to produce a slight 
initial reduction in the nitrogen content of the material but no 
ongoing loss of nitrogen.23 However, the K2LaTa2O6N could 
have been damaged by the present multi-step treatment 
involving proton-exchange, EA intercalation, exfoliation with 
TBAOH and KCl restacking, resulting in a loss of nitrogen 
content that lowered the visible light absorption of the 
material. This possibility is supported by the observation that 
the bulk N/Ta atomic ratio in the R-K2LaTa2O6N (N/Ta = 
0.38±0.02) was lower than that in the layered K2LaTa2O6N 
(N/Ta = 0.50±0.05). 

 

Fig. 4. UV-visible diffuse reflectance spectra of the K2LaTa2O6N and its derivatives. 

 The surface electronic states of the K2LaTa2O6N and its 
derivatives were investigated by XPS. As shown in Fig. 5, the K 
and La peak positions were not changed significantly after 
proton-exchange, EA intercalation or subsequent restacking, 
although the K signal was significantly reduced in the case of 
the HxK2–xLaTa2O6N and the EA/HxK2–xLaTa2O6N. In contrast, 
some changes were evident in the Ta 4f and N 1s spectra. The 
Ta 4f XPS spectrum of the K2LaTa2O6N contained broad peaks, 
indicating that Ta species having different oxidation numbers 
were present in this material (see Fig. S3 for details), as 
discussed in a previous paper by our group.26 Following 
proton-exchange, the Ta 4f peak became sharper and showed 
features typical of Ta5+. A loss of the lattice nitrogen content 
from the surface was also observed after the proton-exchange 
(Table 1). It is therefore considered that the nitrogen species 
bound to the tantalum was removed by the proton-exchange, 
thereby placing the tantalum in a more oxide-like (more ionic) 
environment. The intercalation of EA into the HxK2–xLaTa2O6N 
resulted in a shift of the Ta 4f peak to a lower binding energy 
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while maintaining the Ta5+ features. These effects can be 
ascribed to electronic interactions between the intercalated EA 
and Ta species in the interlayers. The R-K2LaTa2O6N kept the 
lower binding energy of the Ta 4f peak even though the 
majority of the intercalated EA molecules had been removed, 
as shown in Fig. 1. This result implies that some residual EA 
molecules remained in the interlayer spaces. Further evidence 
for this was supplied by the asymmetric peak associated with 
the 001 reflection of the R-K2LaTa2O6N (Fig. 2). The position of 
the N 1s peak was also changed, and the change in the binding 
energy can be explained in the same manner as for the Ta 4f 
by considering the electron density around Ta atom. It should 
be noted that the surface N/Ta atomic ratio obtained from the 
XPS data (N/Ta = 0.10, see Table 1) was much lower than the 
bulk ratio (N/Ta = 2.83±0.25), again suggesting that EA 
molecules were intercalated in the bulk HxK2–xLaTa2O6N (see 
also Fig. S4 and additional discussion in ESI). 

 

Fig. 5. K 2p, La 3d, Ta 4f and N 1s XPS spectra obtained from the K2LaTa2O6N and its 
derivatives. 

Photocatalytic activities 

 Trials monitoring H2 evolution from aqueous methanol 
solutions were performed using the as-prepared materials 
under visible light (λ > 400 nm), and the results are shown in 
Fig. 6. The layered K2LaTa2O6N and its protonated form both 
produced H2 in a stable manner. In addition, the catalytic 
activity was improved by a factor of approximately 15 
following EA intercalation compared with the protonated 
specimen. The R-K2LaTa2O6N also showed enhanced activity 
(1.3 µmol h–1) as compared with the HxK2–xLaTa2O6N (0.3 µmol 
h–1) but did not outperform the EA/HxK2–xLaTa2O6N (5.4 ± 1.4 
µmol h–1). No H2 was produced in the absence of a 
photocatalyst sample. Overall, these data demonstrate that 

suitable interlayer modification of the layered K2LaTa2O6N 
could improve photocatalytic activity. The EA/HxK2–xLaTa2O6N 
also showed negligible activity in the absence of methanol (<1 
µmol h–1), indicating that methanol was exclusively used as the 
electron donor to facilitate H2 evolution, rather than the 
intercalated EA. 
 The H2 evolution activity of the EA/HxK2–xLaTa2O6N was 
found to depend on the Pt loading. As shown in Fig. S5, the H2 
evolution rate was increased with increases in the Pt 
concentration up to 3 wt%, beyond which the rate decreased. 
An initial induction period was observed in all cases and was 
associated with the consumption of photogenerated electrons 
via reduction of the Pt precursor rather than by water 
reduction.38 The total amount of H2 produced from the 3 wt% 
Pt/EA/HxK2–xLaTa2O6N was approximately 180 µmol, which 
exceeded the photocatalyst amount (ca. 91 µmol), indicating 
the catalytic production of H2. The AQY of the 3 wt% 
Pt/EA/HxK2–xLaTa2O6N was 2.0% at 420 nm. Although there is a 
room for improvement of the photocatalytic activity (e.g., by 
optimizing metal cocatalysts39 and operating conditions40), this 
value is comparable to (or slightly higher than) the AQY of 
Pt/ZrO2/TaON (1.7%), one of the most active oxynitride 
photocatalysts for H2 evolution.41 Without Pt deposition, the 
amount of H2 evolved was very small (approximately 0.6 µmol 
over a 10 h reaction), demonstrating that the deposited Pt 
provided H2 evolution sites. This enabled to calculate a 
turnover number for H2 evolution with respect to Pt to be 23. 
It should also be noted that increasing the Pt loading from 1 to 
3 wt% in trials with the R-K2LaTa2O6N did not increase the H2 
evolution rate (Fig. S6). 

 

Fig. 6. H2 evolution over time using the K2LaTa2O6N-based materials under visible light 
(λ > 400 nm). Reaction conditions: catalyst, 50 mg (Pt photodeposited in situ); reactant 
solution, aqueous methanol (10 vol.%, 140 mL); light source, 300 W xenon lamp with a 
cutoff filter. 

Factors affecting photocatalytic activity 

 The data presented above suggest that the photocatalytic 
activity of each K2LaTa2O6N derivative during H2 evolution was 
strongly dependent on the structure of the material and that 
the EA-intercalated specimen was the best-performing 
photocatalyst. Increasing the surface area of a semiconductor 
photocatalyst may contribute to higher photocatalytic activity 
because a greater surface area can provide more reaction 
sites.42 As noted, the specific surface area of the EA/HxK2–
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xLaTa2O6N was approximately 3 times that of the K2LaTa2O6N, 
which qualitatively explains the higher photocatalytic activity 
of the former. However, the EA/HxK2–xLaTa2O6N and R-
K2LaTa2O6N had similar specific surface areas but different 
activities. In our previous work, lower-valence Ta species 
(specifically Ta3+) that were associated with the formation of 
anionic defects were found to lower the photocatalytic H2 
evolution activity of HxK2–xLaTa2O6N by shortening the lifetimes 
of photogenerated free electrons.26 As shown in Fig. 5, the 
valence state of the Ta in the EA/HxK2–xLaTa2O6N, which was 
the most active material, was similar to those in the HxK2–

xLaTa2O6N and R-K2LaTa2O6N. All three specimens exhibited 
features related almost entirely to Ta5+. Therefore, the 
relatively high specific surface area and preferable Ta valence 
state of the EA/HxK2–xLaTa2O6N do not explain the higher 
photocatalytic activity of this sample. 
 The XRD pattern obtained from the EA/HxK2–xLaTa2O6N 
following the reaction showed that the 001 peak position was 
moved to a higher angle (Fig. 7). This result indicates that the 
interlayer nanospaces of the HxK2–xLaTa2O6N, which had been 
expanded by EA intercalation, were narrowed. This effect was 
likely due to the removal of the intercalated EA during the 
reaction. Further evidence for the loss of EA was obtained 
from the results of 13C CP/MAS NMR and TG analyses (Figs. S1 
and S2). Nevertheless, the peak position was still at a lower 
angle compared with those in the HxK2–xLaTa2O6N and R-
K2LaTa2O6N patterns, suggesting that the interlayer spacing in 
the reacted EA/HxK2–xLaTa2O6N remained wider than in the 
latter two materials (also see Fig. S7 and additional discussion 
in ESI). Importantly, no significant changes were identified in 
the UV-visible DRS data acquired from the sample following 
the reaction. From this lack of change, it is evident that the 
capacity of the HxK2–xLaTa2O6N for visible light absorption was 
unaffected (Fig. S7b).  

 

Fig. 7. XRD patterns obtained from the EA/HxK2–xLaTa2O6N before and after the 
photocatalytic reaction. Data for various reference samples are also shown for 
comparison. 

 One possible explanation for the different activities of the 
present specimens is that the most active material (the 
EA/HxK2–xLaTa2O6N) had expanded interlayer spacing (Fig. 7). 
This expansion may have promoted redox reactions, as has 
been reported based on prior work with layered metal oxide 
photocatalysts.12, 13, 27-29 In contrast, no XRD peak shifts were 

observed when the same experiment was conducted using the 
R-K2LaTa2O6N (Fig. S8). That is, Pt could not be deposited in the 
interlayer spaces of the R-K2LaTa2O6N. 
 Fig. 8 presents high-resolution SEM images confirming that 
the post-reaction R-K2LaTa2O6N contained a number of Pt 
deposits having sizes of 2.1 nm on its surfaces (Fig. S9). These 
Pt deposits were not seen in images of the reacted EA/HxK2–

xLaTa2O6N. XPS analyses established that the reacted EA/HxK2–

xLaTa2O6N and the R-K2LaTa2O6N both generated Pt signals (Fig. 
S10) but the surface Pt/Ta atomic ratio was smaller in the 
former (Pt/Ta = 0.024) than in the latter (Pt/Ta = 0.046). The Pt 
4f peaks for the EA/HxK2–xLaTa2O6N sample appeared at higher 
binding energies than those generated by the R-K2LaTa2O6N. 
This outcome indicates that the Pt species in the former were 
more cationic than those in the latter and implies that the 
former Pt species interacted strongly with the LaTa2O6N2– 
layers.13 As shown in Fig. S11, the Pt/R-K2LaTa2O6N catalysed 
the H2–O2 consumption reaction while the Pt/EA/HxK2–

xLaTa2O6N did not. 

 

Fig. 8. High-resolution SEM images of the reacted R-K2LaTa2O6N and EA/HxK2–xLaTa2O6. 
Pt deposits can be clearly seen as brighter spots in the Pt/R-K2LaTa2O6N. 

 From these results, it is apparent that intercalation of Pt 
species in the interlayers of the EA/HxK2–xLaTa2O6N occurred 
during the photocatalytic reaction. Additional observations 
were performed using HAADF/STEM combined with EDS in an 
attempt to directly observe the intercalated Pt in the material. 
While clear stripe patterns originating from electron-rich 
LaTa2O6N2– perovskite layers were obtained (Fig. S12), it was 
not possible to identify any Pt species because of beam-related 
damage to the sample during the observations and an overlap 
of the Pt and Ta signals. Nevertheless, it appears that no 
significant aggregation of Pt species occurred in the 
Pt/EA/HxK2–xLaTa2O6N. These data help to explain the higher 
activity of the Pt/EA/HxK2–xLaTa2O6N during H2 evolution as 
compared with the Pt/R-K2LaTa2O6N. 
 Interestingly, the EA/HxK2–xLaTa2O6N required a higher Pt 
loading to achieve peak H2 evolution performance compared 
with the R-K2LaTa2O6N (Figs. S5 and S6). This was the case even 
though the two materials had almost the same specific surface 

Page 6 of 8Journal of Materials Chemistry A



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

areas as determined by nitrogen adsorption experiments. As 
noted above, a Pt loading of 1 wt% resulted in the majority of 
the Pt species being introduced into the interlayer nanospaces 
of the EA/HxK2–xLaTa2O6N (Figs. 8 and S11). However, 
increasing the Pt loading to 3 wt% caused Pt nanoparticles to 
deposit on the external surfaces of the specimen (Fig. S13) and, 
at 5 wt% Pt, the Pt formed larger secondary particles. The 
need for more Pt in the EA/HxK2–xLaTa2O6N photocatalyst 
relative to the R-K2LaTa2O6N provides further evidence that 
the interlayer nanospaces could be utilized as sites for Pt 
intercalation and H2 evolution. This was not possible in the R-
K2LaTa2O6N, meaning that the EA/HxK2–xLaTa2O6N exhibited 
higher photocatalytic activity during H2 evolution. 
 The sequential photodeposition of Pt onto the EA/HxK2–

xLaTa2O6N starting from the interlayers and moving to the 
external surfaces was thus demonstrated. Evidently, the 
interlayer nanospaces of the EA/HxK2–xLaTa2O6N had a strong 
affinity for H2PtCl6. It has been reported that 1,2-C6H10(NH3)22+ 
will react with [PtCl6]2– to form [PtC6H10(NH2)2Cl4], most likely 
as a consequence of a Lewis acid-base interaction.43 A similar 
Lewis acid-base interaction would be expected to occur 
between CH3CH2NH3+ (i.e., intercalated EA in the EA/HxK2–

xLaTa2O6N) and [PtCl6]2–, thereby resulting in the sequential 
photodeposition of Pt. 

Conclusions 
An EA-intercalated HxK2–xLaTa2O6N specimen further modified 
with a Pt cocatalyst was demonstrated to exhibit higher 
photocatalytic activity for H2 evolution from an aqueous 
methanol solution under visible light (λ > 400 nm) compared 
with the parent layered material and restacked K2LaTa2O6N 
nanosheets. Under the optimal conditions, the H2 evolution 
activity of the EA/HxK2–xLaTa2O6N was 60 and 18 times higher 
than those of the HxK2–xLaTa2O6N and R-K2LaTa2O6N, 
respectively. The expanded interlayer nanospaces in the EA-
intercalated material improved loading of the Pt cocatalyst and 
promoted the photochemical reactions. 
 Recently, dye-sensitized niobate nanosheets and 
nanoscrolls have been reported to function as good H2 
evolution photocatalysts capable of functioning under visible 
light but the low stability of the dye component needs to be 
addressed.14, 44, 45 In contrast to such dye-sensitized oxide 
systems, oxynitride nanosheets that are already capable of 
absorbing visible light do not require an additional 
photosensitizer dye. Thus, the results of this work 
demonstrate the significant potential of two-dimensional 
LaTa2O6N2– sheets with regard to the construction of visible-
light-driven water splitting systems. 
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