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1. Lattice parameters, surface areas (SLangmuir, SBET), and CHN contents of 

Cs0.67Ti1.83□0.17O4, H0.67Ti1.83□0.17O4·H2O, and NiOx−Ti1.83□0.17O4 

nanocomposites 

Sample a (Å) b (Å)[a] c (Å) SLangmuir

(m2g−1)

SBET 

(m2g−1)

C 

(%)[b] 

H 

(%)[b] 

N  

(%)[b]

Cs0.67Ti1.83□0.17O4 3.823 17.215 2.955      

H0.67Ti1.83□0.17O4·H2O 3.752 18.175 2.955      

NiOx−Ti1.83□0.17O4 - 24.01 -      

NiOx−Ti1.83□0.17O4−200 °C - 22.66 - 97 69 6.97 2.09 - 

NiOx−Ti1.83□0.17O4−300 °C - 16.67 - 190 140 0.38 1.12 - 

NiOx−Ti1.83□0.17O4−400 °C - - - 134 98 0.28 0.92 - 
[a] Since there are two titanium oxide layers in the unit cell of the pristine and protonated 

titanium oxides, their d020 values correspond to the sum of gallery height and layer thickness, 

like the d010 value of the nanocomposites.  
[b] The error limits of CHN analysis are 0.3% for C, 0.01% for H, and 0.2% for N, 

respectively. The sample as-prepared contains no trace of nitrogen atoms, confirming the 

complete exchange of tetrabutylammonium (TBA) cation in the colloidal suspension with 

the guest cluster.  

 

 

 



2. Ti K-edge XANES results for the NiOx−Ti1.83□0.17O4 nanocomposites  
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: The above figure illustrates the Ti K-edge XANES spectra for the as-prepared 

NiOx−Ti1.83□0.17O4 nanocomposite (NT) and its calcined derivatives, in comparison with 

the reference spectrum of Cs0.67Ti1.83□0.17O4. The as-prepared NT nanocomposite and its 

calcined derivatives show quite similar spectral features, which are nearly identical to those 

of the pristine cesium titanium oxide. This finding underscores that the crystal structure of 

titanium oxide layer remains intact upon the hybridization and the calcination. Although the 

XRD analysis shows the destruction of pillared structure after 400 °C, the present XANES 

results clearly demonstrate that the lepidocrocite structure of titanium oxide layers is well 

maintained even after the collapse of the pillared structure. This finding provides strong 

evidence of the excellent structural stability of the titanium oxide layer in the present 

nanocomposites. 
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3. Thermogravimetric curve for the NiOx−Ti1.83□0.17O4 nanocomposite 
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: The thermal behavior of the NiOx−Ti1.83□0.17O4 nanocomposite was probed by performing 

thermogravimetric analysis. As shown in the above figure, the present nanocomposite 

exhibits several steps for weight losses. A slow weight decrease in the temperature range of 

100−260 °C is attributable to the dehydration and the dehydroxylation of nickel species in 

the interlayer space. The decomposition of organic acetate group in the intercalated species 

is responsible for the abrupt weight loss around 300 °C. 
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4. Ni K-edge XANES results for the NiOx−Ti1.83□0.17O4 nanocomposites 
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: The above figure illustrates the Ni K-edge XANES spectra for the as-prepared 

NiOx−Ti1.83□0.17O4 nanocomposite and its calcined derivatives, in comparison with several 

reference spectra. The edge energies of the nanocomposites are almost identical to that of 

NiO, suggesting the divalent oxidation state of nickel in these compounds. The overall 

spectral feature of the as-prepared NiOx−Ti1.83□0.17O4 nanocomposite is very similar to that 

of the reference NiO but fairly different from that of the nickel acetate, demonstrating that 

the intercalated nickel species exists in a NiO-like form.  In contrast to the reference NiO, 

fine spectral features like a and b are absent for the nanocomposites, which is due to the 

nanocrystalline nature of the guest nickel oxides. 
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5. N2 adsorption−desorption isotherm results for the NiOx−Ti1.83□0.17O4 

nanocomposites 
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: The nitrogen isotherms of the NiOx−Ti1.83□0.17O4 nanocomposites calcined at 200−400 °C 

are presented in the above figure. The curve shape of the isotherms can be classified as the 

BDDT types I and IV, suggestive of the presence of microporous adsorbents. In addition, the 

hysteresis loop resembles H3 in the IUPAC classification, indicative of the open slit-shaped 

capillaries with very wide bodies and narrow short necks. The derivatives calcined at 200 

and 400 °C show smaller surface area than that at 300 °C, which is attributable to the 

incomplete removal of pore-blocking organic species and to the collapse of pillared 

structure, respectively. 
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6. Pore size analysis for the NiOx−Ti1.83□0.17O4 nanocomposites 
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: According to pore size analysis based on the Barrett−Joyner−Halenda (BJH) method, the 

present NiOx−Ti1.83□0.17O4 nanocomposites have mesopores with an average diameter of 

~3.7−4.0 nm, together with small amount of micropores. Judging from pore sizes and basal 

spacing of the nanocomposites, the observed mesopores should originate from the stacking 

structure of composite crystallites. 
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7. Diffuse reflectance UV−vis spectra for the NiOx−Ti1.83□0.17O4 nanocomposites 

 

 

 

 

 

 

 

 

 

 

 
 

: The above figure represents the diffuse reflectance UV−vis spectra of a) the as-prepared 

NiOx−Ti1.83□0.17O4 nanocomposite and its calcined derivatives at b) 200, c) 300, and d) 400 

°C, e) NiO, and f) Cs0.67Ti1.83□0.17O4. The bandgap energy (Eg) was evaluated as a cross-

point between linear interpolation of α/S absorption coefficients and x-axis. In contrast to 

the UV-active pristine titanium oxide, the nanocomposites show a strong absorption in 

visible region with Eg of ~1.8−2.0 eV, highlighting their visible light harvesting ability due 

to the coupling with narrow bandgap NiO. There is an additional absorption peak at around 

1.7 eV corresponding to the transitions evolving Ni 3d states. 
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8. Comparison of the catalytic activity of the NT nanocomposites, nickel oxide, 

and titanium oxide 

 
Selectivity (%) Catalyst H2O2/ 

Cyclohexene 

molar ratio 

Temperat-

ure  

Time Conversion

(%) -oxide -ol -one -diol 

NT-200°C 3 60 °C 8h 52.0 88.8 7.7 2.4 1.1 

NT-200°C 3 60 °C 12h 75.6 75.8 12.6 4.9 6.8 

NT-300°C 3 60 °C 8h 59.6 93.8 4.4 1.6 0.2 

NT-300°C 3 60 °C 12h 62.3 88.6 6.9 2.4 2.1 

NiO 3 60 °C 8h 13.3 58.5 1.0 40.5 - 

TiO2 3 60 °C 8h 1.4 2.2 20.1 77.7 - 

 

 
: As listed in the above table, the porous NiOx−Ti1.83□0.17O4 nanocomposites (NT) calcined 

at 200 and 300 °C show higher catalytic activity with respect to the epoxidation of 

cyclohexene, compared to the references nickel oxide and titanium oxide.  Of special interest 

is that the porous NT nanocomposites demonstrate excellent selectivity, which is much 

better than the previously reported nickel phosphate catalyst, NiO, and TiO2.  This can be 

interpreted as a result of its unique porous structure as well as the synergetic hybridization 

between nickel oxide and titanium oxide.  The present finding underscores the validity of the 

hybridization route in developing new efficient heterogeneous catalysts. 
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9. Wavelength dependence of 4-CP photodegradation by the NiOx−Ti1.83□0.17O4 

nanocomposite calcined at 300 °C 
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: In order to verify the effect of NiOx-hybridization on the active wavelengths of the titanium 

oxide, we investigated the degradation of 4-CP as a function of irradiation wavelength that 

was changed by a set of cutoff filters ([photocatalyst] = 0.03 g/30 mL; [4-CP]0 = 10 µM; no 

adjust of pH; open to air). As plotted in the above figure, 4-CP was clearly decomposed by 

the NiOx−Ti1.83□0.17O4 nanocomposite under visible light irradiation up to the cutoff 

wavelength of ~550 nm (The error limit of concentration determination is ~1−2 µM). This 

value matches well with the measured bandgap energy of the nanocomposites. This result 

provides clear evidence that the visible light driven photocatalytic activity of the 

nanocomposite is surely due to the coupling between nickel oxide and titanium oxide 

species. 

 

 

 

 9



10. Photocatalytic activity of the pristine Cs0.67Ti1.83□0.17O4 and the 

NiOx−Ti1.83□0.17O4 nanocomposites for 4-CP photodegradation under UV−vis 

irradiation (λ > 300 nm). 
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 : We have investigated the effect of NiOx-hybridization on the photocatalytic activity of 

layered titanium oxide with respect to the photodegradation of 4-CP under UV−vis 

irradiation (λ > 300 nm, [photocatalyst] = 0.03 g/30 mL; [4-CP]0 = 50 µM; no adjust of pH; 

open to air).  As shown in the above figure, the NiOx−Ti1.83□0.17O4 nanocomposites show 

more prominent decomposition of 4-CP (triangles) and formation of Cl− ions (circles) than 

the pristine Cs0.67Ti1.83□0.17O4, indicating that the UV−vis driven photocatalytic activity of 

the pristine compound was markedly improved by the hybridization with nickel oxide. This 

result clearly demonstrates the effectiveness of the hybridization method in improving the 

photocatalytic activity of semiconducting materials for UV−vis radiation as well as for 

visible radiation. 
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11. Detailed descriptions about photocatalytic activity 

 
: The fact that only the derivative calcined at 300 °C can be an efficient visible light 

photocatalyst is ascribable to the following two factors. One is the complete removal of 

residual organic species in the nanocomposite after the calcination, which makes the 

photocatalyst more active. The other factor is an improved electronic coupling and electrical 

connectivity between titanium oxide layer and nickel oxide particle, which would enhance 

the life-time of transient electrons and/or holes through a charge separation between host and 

guest. The prominent depression of catalytic activity after the heat-treatment at 400 °C 

would be related to the collapse of porous structure (Figure 1 in the manuscript), evidencing 

the importance of porosity in designing efficient photocatalysts. 
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12. Experimental details 
: The crystal structures, crystallite morphology, and band structure of the NT 

nanocomposites were studied by powder XRD (Ni-filtered Cu Kα radiation with a graphite 

diffracted beam monochromator, 40 kV, 30 mA), HR-TEM (Philips-CM200 microscope), 

and diffuse reflectance UV−vis spectroscopy (Perkin-Elmer lambda 35 spectrometer), 

respectively. Their chemical compositions, thermal behaviors, and surface area/porosity 

were determined by performing inductively coupled plasma (ICP) analysis/CHN, 

thermogravimetric analysis (TGA), and N2 adsorption−desorption isotherm measurements, 

respectively. The present XANES data were collected at Ni K- and Ti K-edges using an 

extended X-ray absorption fine structure (EXAFS) facility installed at the beam line 7C at 

the Pohang Accelerator Laboratory (PAL) in Pohang, Korea.  The XAS measurements were 

carried out at room temperature in a transmission mode, using gas-ionization detectors.  All 

the present spectra were calibrated by measuring the spectrum of Ni or Ti metal foil. 

The oxidation of cyclohexene by the NT nanocomposites was tested at 60 °C for 24 h in 

open atmosphere under magnetic stirring. A typical reaction was carried out with the 

reaction mixture of 50 mg catalyst, 5 mL olefinic substrate, 15 mL acetonitrile solvent and a 

proper amount of 30% aqueous H2O2 (H2O2/cyclohexene = 3 (molar ratio)). For all product 

analysis, mesitylene was used as an internal standard. Gas chromatography−mass 

spectrometry (GC−MS) was utilized for the identification and the quantification of the 

reaction products.  

 Also, the time-dependent photodegradation of 4-CP was examined with a filtered visible 

or UV−vis irradiation (λ > 300 nm for UV−vis or λ > 420 nm for visible light illumination) 

from a 400-W Xe arc lamp (Oriel). A typical reaction was carried out in ambient atmosphere 

with the reaction mixture of 1 gL−1 photocatalyst and 10 µM 4-CP substrate without the pH 

adjustment. The change of 4-CP concentration was followed chromatographically with a 

reverse-phase HPLC (Agilent 1100 series). The eluent consisted of a binary mixture of water 

containing 0.1% phosphoric acid and acetonitrile (80:20 by volume). To investigate the 

wavelength dependence of photocatalytic activity in the visible region, the irradiation from 

Xe-arc lamp was varied with a series of cutoff filters (λ > 420, 495, 550, 620, and 695 nm). 

The production of chlorides from the degradation of 4-CP was also monitored with an ion 

chromatograph (IC, Dionex DX-120) that was equipped with a Dionex IonPac AS 14 (4 mm 

× 250 mm) column and a conductivity detector. The eluent solution was 3.5 mM Na2CO3/1 

mM NaHCO3. Also, the production of CO2 gas from the degradation of 4-CP was 

determined with a gas chromatograph. 
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