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ABSTRACT: 

Titanium species were immobilized on α-ZrP nanosheets (ZrP-Ti) by a modified 

post-grafting method. The obtained ZrP-Ti composites were characterized by Fourier 

transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), transmission electron microscopy (TEM), ultraviolet-visible 

absorption spectroscopy (UV-vis), photoluminescence spectroscopy (PL), and scanning 

electron microscopy (SEM) techniques. The titanium species in the form of TiO2-x 

clusters with an average particle size of 2~5 nm were grafted on α-ZrP nanosheets via the 

chemical bonding with P elements. Such ZrP-Ti composites could be well dispersed in 

polar solvent to ensure that the TiO2-x clusters bonded on both faces of the nanosheets 

were accessible. The ZrP-Ti composites presented enhanced visible-light absorption 

properties compared with that of pure TiO2. These features allowed them exhibit better 

photocatalytic activities for the photodegradation of methylene blue (MB) under solar 

irradiation. The TiO2-x clusters tend to aggregate to anatase phase TiO2 when the molar 

ratio of P/Ti exceeded 1/1, however, this did reversely advantage in their photocatalytic 

activities. The best MB degradation efficiency of 100% with the apparent rate constant of 

0.054 min-1 could be achieved over the ZrP-Ti composite with the P/Ti molar ratio of 1/1. 

 

KEYWORDS: Titania, Photocatalysis, Zirconium phosphate, Visible-light 
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1. INTRODUCTION 

Heterogeneous photocatalysis as an advanced oxidation process has been the subject 

of a lot of studies related to air cleaning and water purification, because it offers the 

possibility of completely decomposing toxic chemicals.1 Nanocrystalline titanium 

dioxide (TiO2) has been recognized as one of the most promising photocatalyst among 

the numerous semiconductors due to its high oxidative power, low cost, nontoxicity, 

anticorrosion, and excellent stability.2 However, the effective commercial applications are 

still challenged by two critical drawbacks.3 The first one is the agglomeration of ultrafine 

powders resulting an adverse effect on catalyst performance. The second is that the 

degradation of organic pollutants by TiO2 is limited to UV irradiation (only ~6% of solar 

radiation) due to its intrinsic large band gap (3.2eV for anatase and 3,0 eV for the rutile 

phase).4, 5  

Recently, various strategies have been employed to enhance the photocatalytic 

efficiency of TiO2, including morphological modifications by increasing surface area and 

porosity, or chemical modifications by the doping, loading and sensitization of TiO2.
6 The 

high specific surface areas and nanosized particles would be beneficial for the large 

number and density of redox reaction sites due to their quantum confinement effects.7 

Recently, the major approach applied to produce high surface area TiO2 is to create 

mesoporous structures in TiO2 materials.8, 9 However, the properties of TiO2 is strongly 

dependent on the synthetic methods,10 which limits its wide application. On the other 

hand, the chemical modification could possibly alter its electronic structures, which will 
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shift the light absorption towards visible light and/or to increase the lifetime of the 

photoproduced electron-holes pairs.1 Up to date, doping TiO2 with metal,11-15 

non-metal,16-22 or coupling with semiconductors such as carbonaceous materials,23-26 

CdS,27-29 Fe2O3
30-32 and WO3

33 have been widely investigated to extend the 

photoresponse range of TiO2 matrix. Nevertheless, improved photocatalytic activity is 

still necessary. Therefore, the synthesis of TiO2 with high specific surface areas, 

nanosized particles, and films on glasses or other supports, combining with the chemical 

modification will improve the photocatalytic efficiency of TiO2 under visible light.  

α-Zirconium phosphate (α-ZrP, Zr(HPO4)2•H2O) as a two dimensional (2D) 

nanomaterial, its lateral dimension can be altered by tuning the synthetic conditions.34 

Moreover, the α-ZrP crystals could be easily exfoliated into single nanosheets,35-37 and 

the surface hydroxyl groups are fully exposed. Hence, the α-ZrP nanosheets has a higher 

surface energy compared to conventional 2D materials, such as graphite and its 

derivatives.38 The P-OH moiety on the single nanosheets with a high density (4.2 

groups/nm2) and activity35, 39-41 allow α-ZrP potentially be used as carrier for functional 

groups with a high loading density via the cation exchange or post grafting with alkoxyl 

groups. Such functionalized nanosheets are expected to be uniformly dispersed in a wide 

range of desired solvents, and the anchored functional groups are readily accessible, thus 

leading to high performance during applications.37 The versatile properties of α-ZrP have 

been well studied and it has been applied for various applications.42, 43  

In this work, we developed a facial method to anchor titanium species on α-ZrP 
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nanosheets (ZrP-Ti) with a high loading density, and the titanium species in the form of 

TiO2-x clusters were considered to be doped by the P element in α-ZrP. The obtained 

ZrP-Ti composites were fully characterized and investigated as homo-like heterogeneous 

photocatalyst for the degradation of methylene blue under visible-light irradiation. 

 

2. EXPERIMENTAL 

 

2.1 Materials 

Zirconyl chloride octahydrate (ZrOCl2·8H2O, 98%), phosphoric acid (85%), 

1-propylamine (98%), tetrabutyl titanate (Ti(OBu)4) were bought from Aladdin and used 

as received. Reagent-grade ethanol, hydrochloric acid (HCl, 37 wt%) and toluene were 

obtained from common commercial sources and used as received.  

2.2 Preparation of single layer ZrP nanosheets 

The pristine α-ZrP were synthesized via a hydrothermal method according to the 

previously described process.34 Typically, 6.0 g of ZrOCl2·8H2O and 60.0 mL of 6.0 M 

H3PO4 was sealed in a Teflon-lined pressure vessel for 24 h at 200 °C. 0.10 g of the 

prepared α-ZrP were dispersed in 6.7 mL water, followed by mixing with 3.3 mL of 0.10 

M 1-propylamine in an ice bath. The mixture was vigorously stirred until it became 

transparent. Then 3.3 mL of 0.10 M HCl were added to the above mixture to regenerate 

the protonated α-ZrP single layer nanosheets.42, 44, 45 A gelatinous precipitate of the α-ZrP 

nanosheets was collected by centrifugation and washed with water to eliminate chloride 
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ions under vigorous stirring. The obtained α-ZrP nanosheets gel was then washed with 

ethanol and centrifuged to exchange the solvent from water to ethanol. Subsequently, the 

α-ZrP nanosheets gel in ethanol was treated by toluene based on the same procedures and 

the process was repeated 3 times. This eventually led to the formation of α-ZrP 

nanosheets in toluene with the assistance of ultrasonication.  

2.3 Immobilization of titanium on α-ZrP nanosheets 

The immobilization of titanium species on α-ZrP nanosheets were prepared via a 

modified post-grafting method.37 In a typical procedure, Ti(OBu)4 was slowly added to 

the α-ZrP nanosheets in toluene with the assistance of ultrasonication to form the 

suspension, followed by stirring at 90 °C for 24 h. A gel-like precipitate of the precursor 

could be collected via centrifugation, and it was further rinsed with toluene three times. 

The precursor was then vacuum dried and calcined at 400 oC for 2 h to obtain the final 

product ZrP-Ti. The ZrP-Ti with various P/Ti molar ratios (1:0.8, 1:1, 1:1.2, 1:1.4) were 

prepared, and they were denoted as ZrP-Ti-1-0.8, ZrP-Ti-1-1, ZrP-Ti-1-1.2, and 

ZrP-Ti-1-1.4, respectively. In addition, the pure TiO2 and TiO2-P (P/Ti=1:1) were 

synthesized for control experiments. The TiO2-P were prepared by replacing α-ZrP by 1M 

H3PO4 in the above process. The pure TiO2 were obtained by the completely hydrolysis 

of Ti(OBu)4 in the mixture of water and ethanol. The final obtained white powder was 

calcined at 400 oC for 2 h. 

2.4 Characterizations 

Fourier transform infrared spectroscopy (FTIR) spectra of the samples were 
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acquired on an Nicolet NEXUS-670 FTIR spectrophotometer using KBr pellet samples, 

which were made by grinding spectroscopic grade KBr and 0.1 wt% of the sample 

together.  

X-ray diffraction(XRD) were performed on Rigaku Smartlab TM 9KW between 5 to 

50° with Cu Kα (λ=0.154059nm) at 40 kV and 100mA.  

X-ray photoelectron spectroscopy (XPS) spectra were recorded on PHI 5000 

VersaProbe photoelectron spectrometer with monochromatic Al Kα radiation operated at 

150 W. The shift of the binding energy due to the surface electrostatic charging were 

corrected using the C1s as an internal standard at 284.6 eV.  

The morphological properties of prepared samples were imaged by scanning 

electron microscope (SEM, JSM-6360LV) operated at 15 kV. 

The transmission electron microscopy (TEM) were observed on HT7700 with an 

accelerating voltage of 200 kV. The particles were dispersed in the mixture of ethanol and 

water, followed by being deposited on a carbon-film supported copper grid and air dried 

prior the measurement.  

Ultraviolet-visible (UV-vis) absorbance spectra were collected on Lambda 950 

UV-vis-NIR spectrometer equipped with an attachment of integrating sphere. Fine BaSO4 

power was used for baseline calibration and the spectra were recorded at a range of 

250-700 nm.  

The photoluminescence (PL) spectra were recorded by Hitachi F-4600 FL 

fluorescence spectrophotometer at room temperature using Hg-Cd laser as an excitation 
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light source. The excitation wavelength is 300 nm. 

2.5 Photocatalytic measurement 

The photocatalytic activity of the catalysts was evaluated by the photodegradation of 

methylene blue (MB) and phenol as model reactions. Typically, 50 mg photocatalysts 

were dispersed in 50 mL organic pollutant solution (10 mg/L), and ultrasonically vibrated 

in dark for 1 h to achieve adsorption/desorption equilibrium of MB. Irradiation was 

performed under the simulated solar light provided by a 250 W Xe lamp. The suspension 

was subjected to the light under continues stirring, and the distance between the light and 

the sample is 20 cm. Once the light illumination began, 3.5 mL of each sample was 

withdrawn from the suspension solution at an interval of 10 min. After the catalysts were 

separated by a syringe filter (0.45µm), the relative concentration of the supernatant 

solution was determined by the UV-vis absorbance at 576 nm for MB and 280 nm for 

phenol, respectively. 

 

3. RESULTS AND DISCUSSION  

 

The FTIR spectra of Ti(OBu)4 grafted on α-ZrP with various P to Ti ratios are 

displayed in Figure 1, and the spectrum of the pristine α-ZrP was taken as a reference. As 

it is shown in the FTIR spectrum of the pristine α-ZrP, the vibrations of the hydration 

water molecules between the α-ZrP layers are located at 3597 and 3517 cm-1, and the 

symmetric and bending vibrations of –OH groups are centered at 3158 and 1617 cm-1, 
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respectively. The peaks at 1048 and 1125 cm-1 are account for the symmetric and 

asymmetric stretch of P-O in PO2 groups, and the peaks centered at 953 and 1253 cm-1 

are attributed to the out-of-plan and in-plane vibrations of the P-OH groups,46, 47 

respectively. The vibration of Zr-O can be observed at 525 and 592 cm-1.48, 49 After the 

Ti(OBu)4 was grafted on α-ZrP, the characteristic bands assigned to the hydration water 

and P-OH groups in the pristine α-ZrP disappeared, meanwhile, the vibration peaks 

attributed to P-O in PO2 groups became broader. Moreover, no characteristic bands 

belonged to tetrabutyl moieties could be observed. This could be due to the completely 

condensation reaction between the surface P-OH groups and the tetrabutyl groups in 

Ti(OBu)4.  

 

Figure 1. FTIR spectra of the pristine α-ZrP and Ti(OBu)4 grafted on α-ZrP. 

 

The XPS survey scan profiles of α-ZrP and the selected titanium species grafted on 
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α-ZrP (ZrP-Ti-1-1) are illustrated in Figure 2. The survey spectrum of ZrP-Ti-1-1 

contains Ti 2p peak in addition to the characteristic peaks of the pristine α-ZrP, 

confirming the attachment of Ti element on α-ZrP. As it is seen from the high-resolution 

scan of Ti 2p region presented in Figure 3, the Ti 2p1/2 and Ti 2p3/2 spin-orbital splitting 

photoelectrons are located at binding energies of 464.6 eV and 458.5 eV, respectively. 

The binding energy of Ti 2p shifted to a lower value of 0.10 eV compared with the 

reported literature value of bulk TiO2 (458.4 eV),50, 51 and this might be attributed to the 

quantum confinement effects caused by the TiO2-x clusters chemically bonded with the P 

element. The electronegative P will pull electrons in the Ti-O bond, which result in a little 

rise in the binding energy of Ti 2p. To verify the chemical statues between the titanium 

species and P element in the α-ZrP nanosheets, the XPS spectra in the P2p and O 1s range 

were recorded, and the results are displayed in Figure 4. The binding energies of P2p and 

O 1s peaks of ZrP-Ti-1-1 shifts to a lower values in comparison to that of the pristine 

α-ZrP. These results support the reaction of the P-OH groups on the surface of α-ZrP 

nanosheets with the tetrabutyl groups of Ti(OBu)4 to form the P-O-Ti bonds, suggesting 

that the titanium species are chemically bonded with P element, and this can also be 

verified by the FTIR characterization (Figure 1). The formation of P-O-Ti bond could be 

thought to be the replacement of Ti species by P species on the surface of the bulk TiO2.
17 

Therefore, the titanium species grafted on α-ZrP nanosheets could be thought to be in the 

form of P element doped TiO2-x. However, as the ionic radius of Ti and P are not very 

similar to each other (0.067 and 0.038 nm, respectively), the mismatch would result 
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numerous defects on the surface of the ZrP-Ti composites.  

 

Figure 2. The survey scan of the pristine α-ZrP and ZrP-Ti-1-1. 

 

Figure 3. High-resolution XPS scan of Ti 2p of ZrP-Ti-1-1. 
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Figure 4. High-resolution XPS scan of (a) P 2p and (b) O 1s. 

 

Figure 5 shows the XRD patterns of the pristine α-ZrP and the titanium species 

  

 

(a) 133.8 eV
P 2p

133.3 eV

142 140 138 136 134 132 130 128

 

In
te

ns
ity

 (
a.

u.
)

Binding energy (eV)

(b)

540 538 536 534 532 530 528 526 524 522 520

530.9 eV

O 1s 531.6 eV

 

 

In
te

ns
ity

 (
a.

u.
)

Binding Energy (eV)

ZrP

ZrP-Ti-1-1

Page 12 of 36RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



13 
 

modified α-ZrP. As it is shown in Figure 5, the pristine α-ZrP behaves a well crystalline 

structure with an interlayer distance of 7.6 Å.34-36 After the titanium species are grafted 

onto the α-ZrP nanosheets surface, the crystallinity of the pristine α-ZrP disappeared and 

a loosely layered structures with larger interlayer distances are formed.37 As it is inferred 

from the FTIR (Figure 1) and XPS (Figure 4) analysis, the quantum-sized TiO2-x clusters 

are chemically bonded with P element on the α-ZrP nanosheets. The more Ti contents in 

the ZrP-Ti composites, the larger the interlayer distance. The increased interlayer distance 

is owing to the sandwiching of TiO2-x clusters between layers,36 indicating that the TiO2-x 

clusters attached on the nanosheets act as a “spacer”. Additionally, the TiO2-x clusters will 

create the irregularities on the surface of the nanosheets, which are not favorable for the 

re-stacking and thus leads to randomly arrangement of the individual nanosheet, and both 

faces of the α-ZrP nanosheets are accessible in their applications. However, no diffraction 

peaks belonged to TiO2 could be observed when the molar ratio of P/Ti is less or equal to 

1/1. This implies that the TiO2-x clusters with quantum sizes are mono-dispersed on the 

individual α-ZrP nanosheet. When the molar ratio of P/Ti is above 1/1, the characteristic 

diffraction peak at 2θ=38° assigned to the anatase type of TiO2 could be observed, 

suggesting that higher Ti contents in the ZrP-Ti composites will lead to the aggregates of 

TiO2-x into anatase phase TiO2 with larger particle sizes.  
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Figure 5. XRD patterns of the pristine α-ZrP and titanium species modified α-ZrP. 

The energy dispersive spectroscopy (EDS) analysis were performed to determine the 

exact molar ratios of P to Ti in the ZrP-Ti composites, and five parts of each sample are 

analyzed. The average data are shown in Table 1. The actual P/Ti molar ratios of the 

samples are slightly different from the nominal loading molar ratios in the synthetic 

process, this might be probably within the range of experimental error.  

Table 1. EDS analysis of the Ti/P in the ZrP-Ti composites. 

Samples P (At%) Ti (At%) Ti/P P/Ti 

ZrP-Ti-1-0.8 13.25 10.83 0.82 1.22 

ZrP-Ti-1-1 12.77 12.42 0.97 1.03 

ZrP-Ti-1-1.2 7.14 8.37 1.17 0.85 
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ZrP-Ti-1-1.4 6.93 9.43 1.36 0.73 

The surface morphology of α-ZrP and the ZrP-Ti nanocomposites were 

characterized by SEM and the results are presented in Figure 6. The pristine α-ZrP 

exhibits hexagonal shaped plates, suggesting a high crystallinity. After titanium species 

was grafted onto ZrP nanosheetsat different P/Ti formulating ratios, the shaped plates 

disappeared, and the nanosheets are tightly stacked, also a roughly layered morphology 

could be observed (Figure 6(b)-(e)). However, no obvious different observations can be 

seen for the ZrP-Ti nanocomposites with various P/Ti molar ratios.  To be noted, the 

morphologies of ZrP-Ti presented here are not the same as that of ZrP-Ti nanocomposites 

in suspension. Nonetheless, the particle sizes of TiO2-x clusters are still too small to be 

visualized directly from the SEM (Figure 6(b)-(f)) images. Overall, these results are 

highly consistent with the XRD analysis (Figure 5). 
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Figure 6. SEM images of (a) the pristine α-ZrP and (b)-(e) ZrP-Ti nanocomposites with 

various P/Ti molar ratios.  

The pristine α-ZrP were exfoliated by 1-propylamine via ultrasonic vibration to 

produce α-ZrP nanosheets. TEM analysis were performed on the as-prepared α-ZrP 

nanosheets and ZrP-Ti-1-1, and the observations are shown in Figure 7. Figure 7(a) 

shows a general view of the exfoliated α-ZrP, clearly illustrating that the crystalline α-ZrP 

could be fully exfoliated to individual nanosheet by the process employed here. From the 

TEM of the ZrP-Ti presented in Figure 7((b)-(e)), it can be seen that all the transparent 

α-ZrP nanosheets are uniformly decorated by the TiO2-x clusters with particle size of 

around ca. 2~5 nm at higher P/Ti molar ratios, suggesting the stable 

mono-immobilization of quantum-sized TiO2-x clusters on the individual nanosheet when 
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the amount of titanium species is low. However, the TiO2-x clusters tend to aggregate into 

larger particles as the Ti concentration increases. These α-ZrP nanosheets possess large 

surface areas, and the TiO2-x clusters could be deposited on both sides of these 

nanosheets.37 To be noted, these samples were ultrasonically dispersed in ethanol and a 

few drops were coated on carbon-film supported copper grids for TEM characterizations. 

Based on these information, it could be concluded that the ZrP-Ti composites could be 

well dispersed into polar solvents or reactants (such as H2O, etc.), enabling the TiO2-x 

clusters to be highly accessible. Highly dispersed functional groups on supports with 

large surface areas have advantages in their applications, such as catalysis and sensors.37, 

52 Therefore, the ZrP-Ti composites synthesized here should be an effective potential 

photocatalyst, which will be discussed below. 
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Figure 7. TEM images of (a) exfoliated α-ZrP and (b)-(e) ZrP-Ti nanocomposites with 

various P/Ti molar ratios. 

Photoluminescence (PL) is a highly sensitive and powerful tool used to supply 

electronic and structural information for semiconductor materials, such as surface oxygen 

vacancies and defects, as well as the efficiency of charge carrier trapping, immigration 

and recombination.15, 24, 53, 54 Figure 8 represents the room temperature PL spectra of pure 

TiO2 and the ZrP-Ti compounds powders using Hg-Cd laser of 300 nm as excitation 

source. The photoluminescence features of TiO2 are mainly originating from the 

self-trapped excitons, oxygen vacancies and surface states (defects).15 PL spectrum of 

pure TiO2 shows the clear emission bands at around 421 nm, 454 nm, 472 nm, and 486 

nm, attributing to the radiative self-trapped excitons of anatase phase, surface traps, 
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oxygen vacancies, and the charge transfer transition from Ti3+ to oxygen anion in a 

[TiO6]
8−complex associated with surface oxygen vacancies,15, 53, 55 respectively. However, 

the characteristic PL peak related to self-trapped excitons shifts to a lower wavelength at 

around 373 nm for all ZrP-Ti compounds. It may be due to the quantum confinement 

effect caused by the tinny TiO2-x clusters bonded with P elements on α-ZrP nanosheets. In 

addition, the characteristic PL peak positions in the visible-light range maintain the same 

as the pure TiO2, but the overall PL intensities increase. The increased intensity can be 

ascribed to the high concentration of the surface defects in P doped TiO2-x moieties on 

α-ZrP nanosheets. This is because the surface defects provide good chances to bind 

electrons to form excitons. Thus, the exciton energy level near the bottom of the 

conduction band comes into being, and the PL band of the excitons can also occur.56-58 

The more surface defects, the higher concentration of the excitons. The observed PL 

intensity trend for the ZrP-Ti compounds in the visible region is 

ZrP-Ti-1-1<ZrP-Ti-1-1.2<ZrP-Ti-1-0.8<Zr-Ti-1-1.4. Moreover, The PL spectrum is the 

outcome of recombination of photogenerated electrons and holes, the lower PL intensity 

may indicate the lower radiative recombination rate of electrons and holes.56 In summary, 

the PL intensities are the synergetic results of the electron-hole recombination rate, and 

the concentrations of the excitons. Based on these observations, it is expected that the 

ZrP-Ti-1-1 should have higher photocatalytic efficiency than other ZrP-Ti composites, 

because the catalytic activity of TiO2 is proportional to the amount of excitons to be used 

in their respective redox reactions and inversely proportional to the photoinduced 
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electron-hole recombination rate.53 

 

Figure 8. Photoluminescence spectra of ZrP-Ti compounds with different Ti contents 

and inset represents the PL spectrum of pure TiO2. 

 

The UV-visible absorption spectra of the pristine α-ZrP, anatase phase TiO2 and the 

ZrP-Ti composites are displayed in Figure 9. The pristine α-ZrP barely has no optical 

absorption. The pure TiO2 reveals an intense absorption edge of approximately 400 nm. 

This could be assigned to the electronic transitions from the valance band to the 

conduction band for anatase phase according to its intrinsic band gap.59, 60 The observed 

optical properties of ZrP-Ti composites are mainly attributed to the quantum size TiO2-x 

clusters bonded with P elements. All ZrP-Ti composites clearly exhibit a blue-shifted 

onset and broad absorption in the visible region as compared to the pure TiO2, which 

350 400 450 500
0

200

400

600

800

1000

1200

1400

TiO
2

 

 

In
te

ns
ity

 (
a.

u.
)

Wavelength (nm)

ZrP-Ti-1-1.4

ZrP-Ti-1-1.2

ZrP-Ti-1-0.8

ZrP-Ti-1-1

Page 20 of 36RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



21 
 

could be ascribed to the quantum confinement effect.15, 61, 62 On the other hand, the light 

absorption of the ZrP-Ti composites extend to the visible-light region, and this may be 

attributed to the P element doping effect in the TiO2-x clusters.63 In addition, the 

absorption intensity in the visible-light range first increased and then decreased with 

increasing Ti contents, and the ZrP-Ti-1-1 possesses the highest UV-vis absorption edge 

and the highest visible-light absorption intensity. 

The indirect band gap (Eg) values for pure TiO2 and ZrP-Ti composites are estimated 

by the Tauc equation (αhν=A(hν-Eg)
2) using the UV-vis absorption data,64-66 and the Tauc 

plot is illustrated in Figure 10. By extrapolating the linear portion of the (αhν)1/2 versus hν 

curves to the X-axis, the Eg values could be obtained. The estimated indirect Eg values for 

pure TiO2 is 2.90 eV, corresponding to the pure anatase phase bulk TiO2.
15 The TiO2-P 

shows the highest band gap (3.1 eV). For the ZrP-Ti nanocomposites, the indirect Eg 

values first decreased and then increased with the Ti contents, and the ZrP-Ti-1-1 shows 

the lowest Eg (2.6 eV). These results suggest that the titanium species immobilized on 

α-ZrP nanosheets will decrease the Eg of bulk TiO2, and this is benefit for their 

visible-light absorption. It is known that the light absorption in solids are related to their 

electronic structures, which vary depending upon some factors like particle size, oxygen 

deficiency, defects in materials, and so on.5, 64, 67 The TiO2 with a large quantity of surface 

oxygen vacancies and defects can adsorb visible light,5, 68-70 and the absorption intensities 

are corresponding to the electron-hole separation efficiency,4 which could be significantly 

enhanced by decreasing the relative concentration ratio of bulk defects to surface defects 
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in TiO2.
71, 72 In the synthesized ZrP-Ti composites, the TiO2-x moieties bonded with P 

element are the major source of active species for the visible-light absorption. Higher Ti 

contents in the ZrP-Ti composites definitely gives higher concentration of TiO2-x moieties. 

The poor visible-light absorption properties for ZrP-Ti-1-0.8 might be attributed to the 

small amount of TiO2-x moieties on the α-ZrP nanosheets. According to the XRD analysis 

(Figure 5), the TiO2-x moieties tend to aggregate into larger TiO2 nanoparticles as the 

molar ratio of P/Ti is greater than 1/1. This will cause an increase in the relative 

concentration ratio of bulk defects to surface defects in the TiO2-x moieties, which is not 

good for the separation efficiency of photogenerated electrons and holes,71 thus leading to 

the degradation in its visible-light absorption performance. The ZrP-Ti-1-1 presents the 

best visible-light absorption properties, because it possesses a large amount of surface 

oxygen vacancies and defects, as well as the high electron-hole separation efficiency.  
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Figure 9. UV-visible absorption spectra of the pristine α-ZrP, anatase TiO2 and the ZrP-Ti 

composites with various Ti contents. 

 

Figure 10. Optical band gap determination by Tauc plot of TiO2, TiO2-P and ZrP-Ti 
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composites with various Ti contents. 

In recent years, a considerable amount of dye-containing wastewater has been 

generated from textile, paper and printing industries, and this causes damage to the 

environment and dramatically threatens human health. The effective treatment of these 

wastewater is one of the most crucial problems before releasing them into the 

environment.73 The photodegradation of dyes is the most hopeful resolution for 

wastewater purification, because it has the advantages of low cost, high efficiency and 

environment-friendly, but remains a great challenge.74 The degradation of methylene blue 

(MB) under the irradiation of simulated solar light is selected as a model reaction to 

evaluate the photocatalytic activities of the synthesized photocatalysts. The pure TiO2, 

TiO2-P and the pristine α-ZrP are also evaluated for comparison under the same condition. 

Figure 11 shows the photocatalytic degradation of MB over different samples in the form 

of a plot of the relative concentration of MB (C/C0) as a function of irradiation time. The 

slightly decrease in MB concentration (<1%) over the pristine α-ZrP is probably due to 

the physical adsorption of MB between the α-ZrP layers. The MB reduction over TiO2 

and TiO2-P under light irradiation is much greater than the pristine α-ZrP, which clearly 

demonstrates that MB removal can be attributed to degradation rather than an absorption 

mechanism. However, the lower photocatalytic activity of TiO2-P than TiO2 is due to its 

worse UV-vis absorption property. In addition, it can be seen that all ZrP-Ti composites 

present higher photocatalytic activities for the decay of MB compared to pure TiO2. The 

MB degradation efficiencies over the ZrP-Ti composites with various P/Ti molar ratios 
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are consistent with their visible-light absorption properties. That is, the degradation 

efficiencies first increase and then decrease as the concentration of Ti is increased in the 

ZrP-Ti composites. Particularly, the best degradation efficiency can reach 100% after 60 

min periods for ZrP-Ti-1-1, which has the highest separation efficiency of the 

photogenerated electron-hole pairs. The corresponding apparent rate constant k could be 

calculated according the following equation:75-77 In (C0/C) = kt, where C0 is the initial 

concentration of the pollutant after stirring in the dark for 1 h and C is the residual 

concentration of the organic pollutant measured after specified irradiation time, t. The 

plot of In (C0/C) versus irradiation time and the slope of their linear regression (k) are 

illustrated in Figure 12. Apparently, the degradation of MB follows the first order kinetics. 

The pure TiO2 presents the poorest k of 0.005 min-1. The value of k for ZrP-Ti composites 

first increases and then decreases with increasing Ti contents. The Zr-Ti-1-1 achieves the 

highest k of 0.054 min-1, which matches the expectations from the optical properties.  

Considering MB is a self-decomposing dye, the degradation of phenol78 were 

selected as another model reaction to better understand the photocatalytic activity of the 

ZrP-Ti nanocomposites, and the photocatalytic results are presented in Figure 13. It is 

seen that the ZrP-Ti-1-1 behaved the best phenol degradation efficiency of 62% in 70 min. 

The degradation of phenol was found to be less as compared to the MB. But the 

photocatalytic activities over the ZrP-Ti nanocomposites with various P/Ti molar ratios 

showed the same trend as the photodegradation of MB. 

The mechanism concerning the photodegradation of MB has been widely studied,79 
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the hydroxyl radicals (•OH) play the major role for its oxidation and ring breaking to 

forming various byproducts such as carbon dioxide, water, nitrate, sulfate and 

hydrochloric acid compositions. Based on the characterizations of the ZrP-Ti 

nanocomposites, the TiO2-x is the major active component for the photocatalytic reaction. 

Thus, the mechanism of MB degradation over ZrP-Ti could be proposed as following 

equations (1), (2), (3). Firstly, the electrons and holes are generated in the ZrP-Ti under 

the simulated solar light irradiation. Then, the electron (e−) in the conduction bands might 

be absorbed by dissolved oxygen to turn into a superoxide (•O2
−). Meanwhile, the 

hydroxyl radicals (•OH) are generated by interaction of positive holes (h+) in the valence 

bands with active OH groups in surface adsorbed water (H2O). In the next step, the 

organic pollutants can be concurrently degraded during the photolysis process by 

interacting with the hydroxide radicals (•OH) or superoxide (•O2
−). 

 

From the TEM analysis (Figure 7), the ZrP-Ti composites could be highly dispersed 

in the reaction system, and both faces of the α-ZrP nanosheets bonded with TiO2-x 

clusters are accessible in their applications. Thus, the improvement of the catalytic 

properties through ZrP-Ti composites is ascribed to the highly accessible TiO2-x clusters. 

In addition, the P doping is responsible for the visible-light absorption as indicated by the 

UV-vis results in Figure 9. As a result, a more utilization of the solar spectrum could be 
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achieved, which lead to higher photocatalytic activity. Higher visible-light absorption 

definitely gives higher MB degradation efficiency. The ZrP-Ti composites are therefore 

effective visible-light-driven photocatalysts. 

 

Figure 11. MB degradation efficiency versus irradiation time (t) over different 

photocatalysts under solar irradiation. 

Page 27 of 36 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



28 
 

 

Figure 12. The kinetics of MB photocatalytic degradation over different photocatalysts. 

 

Figure 13. Phenol degradation efficiency versus irradiation time (t) over different 

photocatalysts under solar irradiation. 
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4. CONCLUSION 

The titanium species immobilized on α-ZrP nanosheets (ZrP-Ti) were successfully 

prepared by a modified post-grafting method. The titanium species in the form of TiO2-x 

clusters were grafted on the nanosheets via the chemical bonding with P element in the 

α-ZrP. In other words, the P element doped TiO2-x clusters were mono-dispersed on α-ZrP 

nanosheets. These ZrP-Ti composites showed higher photocatalytic performance than that 

of pure TiO2, and this was demonstrated by the photodegradation of MB under 

visible-light irradiation. The improvement was attributed to the highly accessible TiO2-x 

clusters as well as the enhanced optical properties caused by the P doping effects. 

However, when the molar ratios of P/Ti exceed 1/1, the TiO2-x moieties would 

agglomerated into anatase phase TiO2, which went against the separation efficiency of the 

photogenerated electron-holes, thus led to the compromise in their photocatalytic 

activities. The ZrP-Ti with the P/Ti molar ratio of 1/1 showed the best MB degradation 

efficiency of 100% with the apparent rate constant of 0.054 min-1. 
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