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ABSTRACT 

 

Recently, the semiconductor-mediated photocatalytic degradation of dyes has gained 

more and more attention. In the first chapter of the thesis, hierarchically porous TiO2 

and macroporous TiO2 were successfully synthesized with a templating method. 

Structural and morphological differences between synthesized TiO2 and commercial 

TiO2 were found. Photocatalytic performance for the degradation of rhodamine B was 

studied. The specific surface area and porosity were found to be important for 

photocatalytic performance. Commercial TiO2 with the highest specific surface area and 

porosity showed better performance. In the second chapter, novel visible light 

responsive photocatalysts based on hierarchically porous NiTiO3/TiO2/NiO composites 

were synthesized. The chelating agent concentration, template content, and calcination 

temperature were varied to tune the specific surface area and porosity. The composition, 

structure, morphology, and photocatalytic activity of the composites and TiO2 

synthesized using a similar approach were thoroughly characterized and their 

performance was compared. The TiO2 system showed better photocatalytic performance 

than the NT composites.
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Chapter 1  

Hierarchically Porous TiO2 for Photocatalytic Degradation of Rhodamine B 

 

1. Introduction 

Organic dyes in wastewater discharged by many industries, such as fabric, food, and 

plastics, can damage the environment and health of people and animals on earth, as 

shown in Figure 1.1 [1]. For example, rhodamine B (RhB) can yield potentially 

carcinogenic aromatic amines after undergoing natural anaerobic degradation. 

Traditional wastewater treatments mainly include physical, chemical, and biological 

methods. However, these methods cannot solve the problem fundamentally. Physical 

methods such as sorption techniques and membrane filtration and chemical methods 

such as flocculation combined with flotation and filtration can lower the dye 

concentration in water but cannot degrade these dyes into non-polluted substances. On 

the other hand, biological methods such as aerobic and anaerobic microbial degradation 

are time-consuming and ineffective in breaking down some dyes [2]. Therefore, it is 

urgent to find an efficient way to degrade dyes. 

 

Figure 1.1 An example of serious dye wastewater pollution [1]. 

In recent years, semiconductor-mediated photocatalytic degradation of dyes has gained 

more and more attention because it can degrade dyes into CO2 and water [3], [4], [5]. 

The photocatalytic degradation mechanism is shown in Figure 1.2. When a 

semiconductor photocatalyst is illuminated with photon energy larger than its bandgap, 

electrons in its valence band can be excited to its conduction band, leaving holes in its 

valence band. On the one hand, photo-generated electrons and holes can directly reduce 

and oxidize pollutants. On the other hand, these electrons and holes can react with 

oxygen (O2) and hydroxyl (-OH) groups or water to produce superoxide radical anion 
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(·O2
-·) and hydroxyl radical (·OH), respectively. These reactive oxygen species (ROS) 

can react with pollutants, leading to the degradation of pollutants. According to this 

mechanism, bandgap energy, and charge carrier dynamics, including the generation, 

separation, transfer, and recombination of electron-hole pairs, can significantly affect 

the catalytic performance of photocatalysts. 

 

Figure 1.2 Photocatalytic degradation of dyes mechanism [3]. 

Among various photocatalysts, TiO2 is the most widely used by virtue of its strong 

oxidizing abilities to degrade organic pollutants, super hydrophilicity, safety, chemical 

stability, and low cost. TiO2 mainly exists in anatase, rutile, and brookite phases in 

nature, shown in Figure 1.3 [6]. All these three phases are composed of the TiO6 

octahedra with different distortions. Among them, anatase TiO2 can be synthesized at a 

lower temperature, resulting in higher surface area and concentration of oxygen 

vacancies, leading to more active sites and enhanced charge separation efficiency.  

 Figure 1.3 Crystallographic phases of TiO2 (a) anatase; (b) brookite; (c) rutile [6]. 

It is well known that a high specific surface area can improve photocatalytic 

performance by providing more active surface sites for the adsorption and degradation 

of dyes [7], [8]. Remarkably, hierarchically porous (HP) structures consisting of pores 

with different scales possess not only a high specific surface area but also fast mass 

transport [9], [10]. Macro channels increase mass transport caused by micro-mesopores, 
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promote light scattering, and allow deep penetration of the light. On the other hand, 

micro-mesopores provide accurate size and shape selectivity for guest molecules and 

significantly improve specific surface area.  

The ice templating method is one of the most popular methods to synthesize 

macroporous materials [11]. The principle of the ice templating method is shown in 

Figure 1.4. By subjecting an aqueous slurry to a directional temperature gradient, ice 

crystals will nucleate in the slurry. As the ice crystals grow within the slurry, the 

suspended particles will be redistributed. Once the solidification has ended, the ice 

crystals are sublimated by putting the sample into a freeze-dryer. The resulting 

macroporous structure is often sintered to consolidate the particulate walls and provide 

strength to the porous materials [12]. The method is simple and versatile, while a variety 

of morphologies can be obtained by tuning the solvent, size, and concentration of 

suspended particles, pH, viscosity as well as freezing conditions. 

 

Figure 1.4 Schematic demonstrating the principles of ice-templating [12]. 

For mesoporous structures two types of approaches are used: soft templating and hard 

templating, as shown in Figure 1.5 [13], [14]. In the first method, soft organic materials 

are often used to direct the formation of mesoporous metal oxides [15]. Subsequently, 

they are removed by calcination while crystallizing the metal oxides. Unfortunately, 

due to the poor mechanical and thermal stability of the soft templates, the mesopores 

can be destroyed above 500 ℃. Despite the formation of metal oxides with a high 

specific surface, they are still amorphous at low temperatures. These amorphous regions 

serve as trap sites for the recombination of electrons and holes, curtailing photocatalytic 

efficiency. In another method, mesoporous silica and polymer are often employed as 

hard mold [16], [17]. After filling the metal precursor into the molds and further 

treatment to get crystalline metal oxides, the hard templates are removed by etching or 

calcination to release the pores. This method can lead to high crystalline metal oxides 

without collapse of the porous structure and with controllable porous structure.  Another 

type of hard templates includes inorganic and polymer nanoparticles.  One of the most 
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common sacrificial templates is polystyrene (PS) particles because the diameter of the 

spheres is tunable during radical emulsion polymerization, and the polystyrene is easily 

removed by thermal decomposition or by dissolution in an organic solvent such as THF.  

 

Figure 1.5 Illustration of templating methods (a) soft templating method; (b) hard 

templating method [13]. 

Although there are some reports on the fabrication of HP TiO2 [18], the study on the 

synthesis of TiO2 by the combination of ice templating and polymer particles as a hard 

template is still rare. Toward this aim, in this study, I fabricated anatase HP TiO2 for 

photocatalytic degradation of rhodamine B by respectively using PS nanoparticles and 

ice crystals as the templates to create mesopores and macropores. The influence of 

porosity on photocatalytic performance was addressed by comparing HP TiO2 with 

macroporous TiO2 and commercial TiO2.  

2. Experimental section 

2.1. Materials 

Styrene (99%, stabilized, Beantwon Chmical), sodium persulfate (reagent grade, ≥98%, 

Aldrich), sodium bicarbonate (ACS, Macron Fine Chemicals), sodium styrene sulfanate 

(technical, ≥90%, Aldrich), titanium (IV) bis (ammonium lactato) dihydroxide solution 

(TALH, 50% in water, Aldrich), and TiO2 (nanopowder, <25 nm particle size, 99.7% 

trace metals basis, Aldrich) were used as received. Distilled water was generated with 

a Milli-Q integral pure and ultrapure water purification system. 

2.2. Synthesis of catalyst 

2.2.1. Synthesis of polystyrene templates 

Radical emulsion polymerization was used to synthesize PS nanoparticles as templates. 

5 g styrene, 0.8 g sodium styrene sulfonate, 0.1 g sodium persulfate, and 0.1 g sodium 

bicarbonate were successively added to 70 g water. The mixture was sealed, stirred at 

800 r/min and heated at 70 ℃ in an oil bath for 12 h.  

2.2.2. Synthesis of catalyst 

First, TALH was mixed with a PS suspension with the mass ratio between PS 
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nanoparticles and TiO2 of 1:2. The mixture was stirred for 12h at room temperature. 

After sonicating the aqueous dispersion for 10 min, it was poured into an aluminum 

dish and then submerged into liquid nitrogen. The frozen dispersion was freeze-dried 

for three days at − 40 ℃ and then for 12 h at 20 ℃. Finally, the sponge-like sample was 

calcinated in N2 for 2 h and later in air at 500 ℃ for 10 h with a ramp rate of 2 ℃/min. 

Macroporous TiO2 was synthesized with a similar procedure, except adding polystyrene 

nanoparticles. 

2.3. Catalyst characterization 

Dynamic light scattering (DLS) measurements were performed with a Zetasizer Nano 

90. X-ray diffraction (XRD) patterns were obtained on a Bruker D8 Advance ECO 

powder diffractometer at 40 kV and 25 mA with Cu Kα radiation (λ = 0.15418 nm). 

The measurements were done with a step of 0.019° and a count rate of 1 s in a 2θ range 

of 20° to 80°. The crystallite sizes were estimated from the half-bandwidth of the (101) 

peak by the Scherrer equation. The correction factor is taken as 0.94. 

Thermogravimetric analysis (TGA) was done with a TA Q500. The samples were 

heated from room temperature to 900 ℃ with a ramp rate of 10 ℃/min in air. Scanning 

electron microscopy (SEM) images, elemental maps, and quantitative element analysis 

from energy dispersive spectrometry (EDS) were performed on a Tescan Mira3 FESEM 

equipped with a Bruker Quantax EDS. Brunauer-Emmett-Teller (BET) surface area and 

porosity of the samples was measured by Micromeritics ASAP 2460 Surface Area and 

Porosity Analyzer. Mercury intrusion porosimetry (MIP) was measured vis a 

Micromeritics AutoPore IV (9500 series) porosimeter. Ultraviolet-visible (UV-vis) 

spectroscopy was used to record the absorbance spectra in the range of 400 to 800 nm 

on a for Hewlett Packard 8453 UV-vis Spectroscopy Systems. 

2.4. Photocatalytic performance test 

20 mg of photocatalysts were suspended in a 40 mL glass vessel with 20 mL of 5 mg /L 

RhB solution at room temperature and sonicated in the darkness for 30 min. A Xe lamp 

(66984-300XF-R1 Xenon Light Source, Newport) was used as the light source. The 

light intensity at the vial position was equal to around one sun measure by Oriel PV 

Reference Cell System (Model:91150V, Newport). The solution was stirred during the 

test. After being exposed to the light, 3 mL RhB solution was taken out and centrifuged 

to remove the catalyst.  Each sample was exposed to the light for a total of 1.5 hours.  
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3. Results and discussion 

The size distribution of PS templates measured by DLS is shown in Figure 1.6(a). The 

Z-average size of PS templates is around 51 nm. The polydispersity index (PDI) is 0.162, 

indicating a uniform distribution of particle sizes.  

XRD was used to determine the crystal phases of the samples, as shown in Figure 1.6(b). 

All of the peaks from HP TiO2, macroporous TiO2, and commercial TiO2 are identified 

as anatase TiO2 (PDF#03-065-5714). HP TiO2 shows lower peak intensity and broader 

peaks than microporous TiO2 and commercial TiO2, indicating a smaller crystallite size 

and lower crystallinity of HP TiO2. The crystallite sizes of HP TiO2, macroporous TiO2, 

and commercial TiO2 estimated from the Scherrer equation are about 9, 20, and 21 nm, 

respectively. This indicates that the presence of polymer template inhibits the 

crystallization of TiO2 [19].  

 

Figure 1.6 (a) Size distribution of PS nanoparticles; (b) XRD patterns of different 

TiO2. 

The specific surface area and pore size distribution were investigated by nitrogen 

adsorption and desorption isotherms shown in Figure 1.7(a). The BET surface area 

(SBET) and the pore volumes (Vp) are summarized in Table 1.1. The isotherm of HP 

TiO2 and commercial TiO2 are type-IV with type H3 hysteresis loop, indicating the 

existence of mesopores (2-50 nm) according to IUPAC classification [20]. The 

hysteresis loops in Fig. 1.7(a) extend to P/P0 = 1, indicating the presence of large pores, 

which are not being filled. The area of the hysteresis loop of macroporous TiO2 is so 

small that it is not easily identified, which indicates little mesopore volume. The pore 

size distribution (PSD) were determined by the Barrett–Joyner–Halenda (BJH) method 

from the desorption branch of the isotherms. The PSD of HP TiO2 shown in Figure 

1.7(b) shows peaks at 4 nm, 14 nm, and 43nm, indicating a broad pore size distribution. 
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The pores smaller than 5 nm are mainly from the intra-nanoparticle pores while bigger 

mesopores are mainly from the removal of PS templates [21] [22], [23]. The PSD of 

macroporous TiO2 shown in Figure 1.7(c) only has a sharp peak at around 4 nm, which 

is caused by the existence of pores formed by the intra-nanoparticle pores. The pore 

size is very similar to literature data reported by Chang and coworkers albeit for a 

system synthesized via a different method [21]. The commercial system shows mono-

modal PSD peaking at around 20 nm. Compared with HP TiO2 and macroporous TiO2, 

commercial TiO2 has a narrower pore size distribution.  

Table 1.1 Textural data of different TiO2 samples measured by nitrogen adsorption 

and desorption isotherms. 

 

 

Figure 1.7 (a) Nitrogen adsorption-desorption isotherms; Pore size distribution curves 

of (b) HP TiO2; (c) microporous TiO2; (d) commercial TiO2. 

The results of the mercury porosimetry method are shown in Figure 1.8. Differential 

pore volume indicates the pore size density while incremental volume indicates the 

Sample 
Macroporous 

TiO2 
HP TiO2 

Commercial 

TiO2 

SBET (m2/g) 12 34 54 

Vp (cm3/g) 0.02 0.24 0.27 
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volume of pores with the corresponding sizes [24], [25]. In Figure 1.8(a), the 

differential pore size distribution of HP TiO2 shows a large density of mesopores, and 

the incremental volume shows a significant volume of macropores. Despite the high 

density of mesopores, macropores make a big contribution to the total porosity due to 

their pore diameter. In fact, the porosity contributed from macropores in HP TiO2 is 

around 65%, which is very close to the total porosity of 66%. In Figure 1.8(b), no 

mesopores are observed in macroporous TiO2 either in the differential pore volume 

distribution or incremental pore volume distribution. The total porosity of macroporous 

TiO2 is 71%, which results completely from macropores. The differential pore size 

distribution and incremental pore size distribution of commercial TiO2 shown in Figure 

1.8(c) have similar characteristics to the previous two samples with respect to 

macropores. However, a strong peak at around 17 nm is observed in both types of pore 

size distribution, indicating considerable pore size density of mesopores. Its 

macroporosity is 60% and the total porosity is 74%.  

 

Figure 1.8 Differential pore volume distribution and incremental pore volume 

distribution of (a) HP TiO2; (b) macroporous TiO2; (c) commercial TiO2. 

The morphology of the samples was studied by SEM. HP TiO2 shows a combination of 

10 - 23 macropores (Figure 1.9(e)) and dominantly uniform and continuous mesopores. 
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The 40-80 nm pores (Figure 1.9(g); Figure 1.10(a)) are consistent with the DLS result 

of PS templates. But the mesopores can seldom be observed on the images of the 

surface (Figure 1.9(f)), which might explain its low BET surface area. Only 1-30 µm 

macropores can be clearly observed in macroporous TiO2 (Figure 1.9(e)(d)) 

Commercial TiO2 shows a completely different morphology. Around 25 nm spherical 

particles aggregate and form big spheres. The voids between particles and aggregates 

form the pores. The macropores formed by aggregates range from 0.2 to 4 µm (Figure 

1.9(a)). 10-20 nm mesopores are dominant in pores formed by the voids between 

spherical particles (Figure 1.9(b); Figure 1.10(b)). These results are consistent with the 

PSD measured from the nitrogen adsorption and desorption method and mercury 

intrusion porosimetry.  
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Figure 1.9 SEM images of commercial TiO2 (a) under low magnification; (b) under 

high magnification; macroporous TiO2 (c) under low magnification; (d) high 

magnification; HP TiO2 (e) and (f) under low magnification; (g) under high 

magnification. 

 

Figure 1.10 Pore size distribution of HP TiO2 in Figure 1.9 (g) and commercial TiO2 

in Figure 1.9 (a) 

EDS analysis of HP TiO2 shown in Figure 1.10 reveals intense Ti and O signals as well 

as a very weak C and Na signal. Linearmarker + Oxides mode was used to quantitively 

analyze the elements. The normalized atomic ratio of Ti, O, and Na is 32.9%, 66.3 %, 

and 0.8%, where the atomic ratio between Ti and O is around 2. This is consistent with 

the XRD results showing a titanium oxide phase.  

 

Figure 1.11 EDS analysis of HP TiO2. 

The photocatalytic performance for degrading rhodamine B of the three samples was 

tested. Generally, the photocatalytic degradation of low concentration dyes obeys 

pseudo first-order kinetics expressed as: ln (Ct/C0) = - kt, where k is the reaction rate 

coefficient, which is a measure of the photocatalytic activity of photocatalyst. Plots of 

the degradation of Rhodamine B are shown in Figure 1.12. The corresponding reaction 

rates for these samples follow the following trend: commercial TiO2 (K=0.027 min-1) > 
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HP TiO2 (K=0.016 min-1) > macroporous TiO2 (K=0.012 min-1) > no catalyst (control) 

(K=3.75x10-4 min-1). For the calculation of the kinetic constants, the value at 75 min in 

commercial TiO2 originated from a too low concentration were excluded because at the 

end of the reaction the measurements are not as accurate due to the low concentration 

of the reactant [26]. This trend is the same as that of their BET surface area and porosity, 

revealing that high BET surface area and pore volume benefit the photocatalytic 

performance of catalysts. 

 

Figure 1.12 Plots of the degradation of Rhodamine B according to first order kinetics.  

4. Conclusion 

Structural, morphological, and photocatalytic performance comparisons of the 

synthesized TiO2 and commercial TiO2 photocatalysts were thoroughly studied. 

Hierarchically porous TiO2 shows lower crystallinity and smaller crystallite size than 

macroporous TiO2 and commercial TiO2 due to the influence of templates. 

Hierarchically porous TiO2 has continuously and evenly distributed mesopores below 

the non-mesoporous surface and macropores. Macroporous TiO2 has macropores, and 

mesopores caused by particle voids. Commercial TiO2 has high density of mesopores 

with narrow pore size distribution and some macropores coming from the voids 

between particles and the aggregation of particles, separately. The total porosity of the 

three samples is similar, while the commercial TiO2 shows higher mesoporosity and 

BET specific surface area than hierarchically porous TiO2 and macroporous TiO2. The 

photocatalytic performance for these samples follows the following trend: commercial 

TiO2 > HP TiO2 > macroporous TiO2. This trend can be correlated with BET surface 

area and mesoporosity, which benefits the photocatalytic performance of the catalysts.  
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Chapter 2  

Hierarchically Porous TiO2/NiO/NiTiO3 for Photocatalytic Degradation of Rhodamine 

B 

1. Introduction 

TiO2 is the most widely used photocatalyst by virtue of its strong oxidizing abilities to 

degrade organic pollutants, super hydrophilicity, safety, and chemical stability. 

However, the main disadvantage of TiO2 is that its wide bandgap energy (3.0 eV in 

anatase and 3.2 eV in rutile) leads to low utilization of solar energy [27], [41]. Only 

ultraviolet light, which is 4% of the total solar radiation at the earth's surface, can be 

utilized [28]. Furthermore, the high recombination rate of electron-hole pairs limits its 

catalytic performance. Figure 2.1 shows the schematic illustration of TiO2 activation, 

electron-hole separation, and radical generation. To extend its adsorption spectrum and 

improve charge carrier separation efficiency, TiO2 is modified by multiple methods [29], 

[30], [31], [32], [33]. One efficient strategy is fabricating heterostructure catalysts by 

coupling TiO2 with another one or two semiconductors with matched energy levels to 

form binary or ternary heterostructures [34], [35], [36], [37]. Notably, recent studies 

have shown that compared with the binary system, ternary heterostructures can enhance 

catalytic performance of photocatalysts, such as Ag2O/TiO2/V2O5, WO3/BiVO4/BiOCl, 

V2O5/BiVO4/TiO2  [38], [39], [40].  

 

Figure 2.1 TiO2 activation, electron-hole separation and radical generation [39]. 

Titanium-based perovskite oxides have been reported as a promising candidate to 

fabricate heterostructures with TiO2 because of their minor lattice mismatch near the 

interface, easy synthesis by in-situ reaction, and high chemical and thermal stability 

[42], [43], [44]. For example, it has been showed that TiO2/NiTiO3 composites can 
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successfully improve its response to visible light compared to pristine TiO2 and enhance 

its performance for photocatalytic hydrogen generation from water splitting, 

photovoltaics, and photoelectrochemical cells [45], [46], [47]. For example, Huang et 

al. fabricated heterostructural NiTiO3/TiO2 nanotubes for photocatalytic H2 evolution 

[48]. The sample with NiTiO3 content of 1.77 mol.% resulted in 15 times higher H2 

evolution rate than TiO2 nanotubes. Besides, as a p-type semiconductor, NiO has been 

employed to inhibit recombination as well as promote the generation of electron-hole 

pairs by forming a pn junction with n-type semiconductor TiO2, which results in higher 

photocatalytic activity [49], [50]. For example, Rawool et al. constructed NiO/TiO2 

nanoparticles with NiO and TiO2 in a 1:1 molar ratio, having 22 times better 

photocatalytic activity than pure TiO2 [51]. However, reports about NiTiO3/TiO2/NiO 

are rare. Considering the advantage of ternary heterostructures, it is, therefore, 

worthwhile to explore the photocatalytic activity of NiTiO3/TiO2/NiO heterostructure. 

Compared with templates mentioned before, thermosetting polymer beads can be a 

competitive option for fabricating porous metal oxides with high crystallinity. Such 

materials own strong thermal stability due to their highly cross-linked network structure, 

and the carbonized products can prevent pores from collapse. As a well known 

thermosetting polymer, the synthesis of monodisperse resorcinol formaldehyde (RF) 

nanospheres has been studied [52], [53], [54]. Hollow silica and metal oxides have been 

produced using RF nanoparticles as templates [55]. For example, hollow TiO2 

fabricated by this method with a specific surface area of 80 m2 g−1 shows better 

photocatalytic performance than commercial TiO2 [56]. 

In this work, for the first time, hierarchically porous TiO2/NiO/ NiTiO3 composites (NT) 

were synthesized by employing ice templating and RF hard templating methods. Efforts 

of tuning BET surface area and porosity were made by varying calcination temperature, 

the amount of citric acid, and template content. Multiple characterization techniques 

were employed to study the composition, morphology, and catalytic performance of 

this novel photocatalysts. 

2. Experimental section 

2.1 Materials 

Resorcinol (C6H6O2, >99.0%, TCI), formaldehyde solution (HCHO, 36.5-38.0% in 

water, Mallinckrodt), ammonium hydroxide (NH4OH, 28-30 % NH3 in water, VWR), 

titanium(IV) bis(ammonium lactato)dihydroxide solution (TALH, 50% in water, 
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Aldrich), nickel(II) nitrate hexahydrate (Ni(NO3)2 · 6H2O, ≥ 97%, Aldrich), and citric 

acid (HOC(COOH)(CH2COOH)2, anhydrous, Aldrich) were used as received. Distilled 

water was generated with a Milli-Q integral pure and ultrapure water purification 

system. 

2.2. Synthesis of catalyst 

2.2.1. synthesis of template 

RF nanospheres were used as templates. They were synthesized using the method of 

Zhao et al. Resorcinol (3.306 g), and formaldehyde solution (4.32 mL) was successively 

dissolved into distilled water (300 mL) under stirring. NH4OH (7.2 g) was added and 

the solution was sealed and stirred at 30 ℃ for 15 h. The resulted solution is referred to 

as RF solution. 

2.2.2. synthesis of catalyst 

First, TALH, citric acid, and Ni(NO3)2 · 6H2O were added into the RF solution in 

sequence. The mixture was stirred for 6 h at room temperature. After sonicating the 

aqueous dispersion for 10 min, it was poured into an aluminum dish and then 

submerged into liquid nitrogen until no obvious boiling of liquid nitrogen. The frozen 

dispersion was freeze-dried for three days at – 40 ℃ and then for 12 h at 20 ℃. Finally, 

the sponge-like sample was calcined in N2 and later in air at different temperatures with 

a ramp rate of 2 ℃/min. The molar ratio between NTO and citric acid was tuned from 

2: 1 to 1: 1 to 1: 2. Similarly, the mass ratio between NTO and RF was adjusted from 1: 

1 to 2: 1 to 3: 1. The calcination conditions were also varied to produce different systems. 

One set of conditions was based on 550 ℃ in N2 for 2 h and then 550 ℃ in air for 10 

h.  Another is 650 ℃ in N2 for 2 h and 550 ℃ in air for 10h, and another 650 ℃ in N2 

for 2 h and 650 ℃ in air for 5 h. As a reference sample, HP TiO2 was synthesized with 

a similar procedure, wherein the mass ratio between TiO2 and RF template was 3: 1, 

and citric acid was not used. 

2.3. Catalyst characterization 

DLS was performed with a Zetasizer Nano 90. XRD patterns were obtained on a Bruker 

D8 Advance ECO powder diffractometer at 40 kV and 25 mA with Cu Kα radiation (λ 

= 0.15418 nm). The measurements were done with a step of 0.019° and a count rate of 

1 s in a 2θ range of 20° to 80°. °. The crystallite sizes were estimated from the half-

bandwidth of the (104) peak by the Scherrer equation. The correction factor is taken as 

0.94. TGA was performed on a TA Q500. The samples were heated from room 
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temperature to 900 ℃ with a ramp rate of 10 ℃/min. SEM images and elemental maps 

from EDS were obtained with a Tescan Mira3 FESEM equipped with a Bruker Quantax 

EDS. The BET surface areas and porosity of the samples were measured by 

Micromeritics ASAP 2460 Surface Area and Porosity Analyzer. MIP was measured 

with a Micromeritics AutoPore IV (9500 series) porosimeter. UV-Vis has recorded in 

the range of 400 to 800 nm on a for Hewlett Packard 8453 UV-visible Spectroscopy 

Systems. UV-Vis-NIR diffuse reflectance spectra (DRS) were recorded in the range of 

300 to 800 nm on a Cary 5000 UV-Vis-NIR spectrophotometer with an integrating 

sphere. The Kubelka-Munk theory and Tauc plot were used to analyze the bandgap 

energy of samples. The acquired diffuse reflectance spectrum is converted to Kubelka-

Munk function.  F(R)=K/S where K is molar absorption coefficient, K=(1− R)2, S is the 

scattering factor, S=2R, R is the reflectance of materials, R=%R/100. Then the Tauc 

method was used to calculate the bandgap energy. (hυα)1/n=A(hυ − Eg) Where, h is 

Planck’s constant, υ is the frequency of vibration, α is absorption coefficient, Eg is the 

bandgap energy, A is a constant. The value of the exponent n denotes the nature of the 

sample transition. Since an indirect allowed transition is used in this experiment, n=2 

is used for these samples. Since F(R) is proportional to α, (hυ F(R))1/n=A (hυ − Eg) was 

plotted. Then Eg is equal to the value at the point of intersection of the tangent line of 

the curve at the horizontal axis. Photocatalytic performance test was similar to that 

described in Chapter 1. 

3. Results and discussion 

The size distribution of RF particles measured by DLS is shown in Figure 2.2. The Z-

average size of RF templates is around 101 nm. The SEM images (Figure 2.3 (a); (b)) 

show serious aggregation of particles.  

 

Figure 2.2 DLS result of RF templates. 



17 

 

 

 

 

Figure 2.3 SEM images of resorcinol formaldehyde particles 

The surface area and porosity of the samples were investigated by nitrogen adsorption 

and desorption isotherms. The SBET, Vp, and Dp of the samples are summarized in Table 

2.1-2.4. The isotherms are type-IV with type H3 hysteresis loop (Figure 2.3(a)(b)(c)), 

indicating the existence of mesopores according to IUPAC classification [33]. The 

hysteresis loops extend to P/P0 = 1, indicating the presence of large pores. The plot of 

the pore size distribution was determined by BJH method from the desorption branch 

of the isotherm (Figure 2.3(e)(f)(g)). With the increase of the mass ratio between NT 

composites and RF templates from 1:1 to 3:1, the surface area and porosity of samples 

don’t change significantly. When the molar ratio between NT composites and citric acid 

changes from 1:0.63 to 1:2.52, the surface area and pore volume of the samples slightly 

decrease from 53 m2/g to 39 m2/g, but the pore volume doesn’t change. Increasing the 

calcination temperature in air from 550 ℃ to 650 ℃ leads to dramatic decrease of the 

surface area from 53 m2/g to 16 m2/g, and an increase of an average of pore diameter 

from 8 nm to 21 nm. This change can be attributed to the heating treatment of the 

material to a higher temperature, which can result in the growth of crystals, creating 

bigger particle size and thus interparticle size [57] [58], [59]. TiO2 shows a type IV 

isotherm with type H2(b) hysteresis loop (Figure 2.3 (d)) indicating the existence of 

mesopores with pore blocking [20]. The sharp peak of pore size distribution located at 

4 nm (Figure 2.3 (h)) is attributed to interparticle voids [21].  

A broader pore size distribution of NT and TiO2 was measured by the mercury 

porosimetry method. The differential pore volume distribution of NT composites (NT: 

RF=2:1) (Figure 2.4(a)) shows a high pore size density of mesopores, and its 
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incremental intrusion shows a high pore volume of macropores. The total porosity of 

NT is 72%. In TiO2, no mesopores are observed in its differential pore volume 

distribution or the incremental pore volume distribution due to the measurement 

limitations of MIP. The total porosity of TiO2 is 59%, which is due to macropores. 

SEM images of NT composites (NT: RF=2:1) and TiO2 are shown in Figure 2.6. The 

pore size distribution measured from SEM images is shown in Figure 2.7. The NT 

composites (NT: RF=2:1) show a hierarchically porous structure. Its macropores range 

from 2-13 µm (Figure 2.6(a)). The PSD results (Figure 2.7(a)) show that 100 nm to 200 

nm pores are dominant in Figure 2.6(b), which is the result of the removal of the RF 

template. The PSD (Figure 2.7(b)) shows that 10-30 nm mesopores are dominant in 

Figure 2.6(c), which might come from voids between particles. TiO2 shows a similar 

structure to NT composites. 5-10 µm macropores are observed after grinding (Figure 

2.6(d)). The non-uniform and small number of pores around 100 nm (Figure 2.6(e)(f)) 

in NT composites (NT: RF=2:1) and TiO2 might be the result from the serious 

aggregation of RF template and a poor dispersion of the RF templates in the TiO2 

solution precursor. A great amount of 10-30 nm mesopores might come from particle 

voids (Figure 2.6(f)). The count result is shown in (Figure 2.7 (c)). 

Table 2.1 BET surface area, porosity and average pore diameter of the samples 

synthesized with different template content. 

NT:RF 

(mass ratio) 

1:1 2:1 3:1 

SBET(m2/g) 47 53 45 

Vp(cm3/g) 0.13 0.14 0.12 

Dp(nm) 8 8 8 

 

Table 2.2 BET surface area and porosity of samples synthesized with different citric 

acid concentration. 

NT:Citric acid 

(molar ratio) 

1:0.63 1:1.26 1:2.52 

SBET(m2/g) 50 53 39 

Vp(cm3/g) 0.15 0.14 0.12 

Dp(nm) 9 8 10 

 

Table 2.3 BET surface area and porosity of samples synthesized under different 
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calcination temperatures. 

Calcination condition 650 ℃ N2 2 h 

550 ℃ air 10 h 

650 ℃ N2 2 h 

650 ℃ air 5 h 

SBET(m2/g) 53 16 

Vp(cm3/g) 0.14 0.12 

Dp(nm) 8 21 

 

Table 2.4 BET surface area and porosity of TiO2. 

TiO2 Ti: RF=3:1 

500 ℃ N2 2 h 500 ℃ air 5 h 

SBET(m2/g) 60 

Vp(cm3/g) 0.08 

Dp(nm) 4 
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Figure 2.4 Nitrogen adsorption-desorption isotherms and corresponding pore size 

distribution of different samples. 
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Figure 2.5 Pore size distribution of (a) NT composites; (b) TiO2 measured by mercury 

intrusion porosimetry. 

The elemental distribution in NT composites (NT: RF=2:1) was mapped by EDS. Ni 

(Figure 2.8 (a)), Ti (Figure 2.8 (b)), and O (Figure 2.8 (c)) are distributed uniformly 

among the sample surface. EDS quantitative analysis of the sample is shown in Figure 

2.8(d). Ni, Ti, and O show high peak intensity. The normalized atomic ratio of Ni, Ti, 

and O is 18.7%,20.8%, and 60.4%, separately. 

The crystalline phases of samples were analyzed by XRD, as shown in Figure 2.7. All 

of the samples consist of NiTiO3, TiO2, and NiO. The peaks centered at around 24.1˚, 

33.1˚, 35.7˚, 40.8˚, 49.4˚, 53.9˚, 62.7˚, 64.1˚, 71.8˚, and 75.5˚ can be attributed to 

NiTiO3 (PDF#00-033-0960). The peaks centered at around 25.3˚, 48.0˚, and 57.5˚ are 

characteristic of TiO2(#01-075-2550) The peaks centered at around 37.2˚, 43.3˚, and 

79.4˚ belong to NiO (#03-065-6920). The crystallite sizes were calculated with the 

Scherrer equation. The crystallite sizes of TiO2 synthesized with different template 

content were 13 (NT: RF=1:1), 14 (NT: RF=2:1), 15nm (NT: RF=3:1). The crystallite 

sizes of TiO2 synthesized with increasing amount of citric acid were 13, 14, and 16nm, 

respectively. These results indicate that the citric acid concentration and template 

content have very little effect on crystallite size. The intensity of TiO2 peaks is low 

when the calcination temperature increases from 550 °C to 650 °C, demonstrating that 

higher calcination temperatures promoted the phase transition from NiO and TiO2 to 

NiTiO3[60].  
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Figure 2.6 SEM images (a), (b), and (c) NT sample synthesized with the mass ratio 

between NT and RF of 2:1; (d), (e), and (f) TiO2. 
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Figure 2.7 Pore size distribution from SEM images (a) and (b) NT; (c) TiO2. 

 

Figure 2.8 EDS analysis of element distribution (a) Ni; (b)Ti; (c) O and (d) quantitative 

analysis 

The carbon content of the samples synthesized with different RF templates was 

analyzed by TGA, shown in Figure 2.8. The mass loss of around 2 wt% from 30 to 200 ℃ 

corresponds to the removal of adsorbed moisture and solvent, and the mass loss of 

around 1 %wt from 300 to 800 ℃ corresponds to the decomposition of resorcinol 
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formaldehyde particles and the removal of carbon. This demonstrates that the resorcinol 

formaldehyde particles had been removed almost completely during the calcination 

process.  

 

Figure 2.9 XRD patterns of different samples. 

 

Figure 2.10 TGA of samples synthesized with different template content. 

The optical band gap energy (Eg) of samples synthesized with different template content 

was estimated using the Kubelka-Munk function and Tauc method, shown in Figure 2.9. 

The bandgap energy of all these samples is around 2.1 eV. 
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Figure 2.11 (a) UV-Vis diffuse reflectance spectrum; (b) corresponding Tauc plot of 

samples synthesized with different template content. 

Plots of the degradation of Rhodamine B are shown in Figure 2.12.  Analysis using 

pseudo first order kinetics yields the following: TiO2 (K=0.011 min-1) > NT composites 

(NT: RF=2:1) (K=0.006 min-1) > no catalyst, control (K=3.75x10-4 min-1). All these 

samples have similar BET surface area of around 50 m2/g. The reaction rate of TiO2 is 

higher than the NT composites suggesting that TiO2 shows better photocatalytic 

performance than the NT composites.  

 

Figure 2.12 Plots of the degradation of Rhodamine B according to first order kinetics. 

 4. Conclusion 

Hierarchically porous TiO2/NiO/NiTiO3 was synthesized using resorcinol 

formaldehyde spherical particles as templates combined with the ice templating method. 

Changing the mass ratio between the template and metal oxides from 1:1 to 1:3 or 

varying the  citric acid concentration didn’t affect significantly the BET surface area. 

Higher calcination temperature promoted the formation of NiTiO3 and decreased the 

BET surface area. The mesopores came from interparticle voids and the macropores 

were made from the ice templating method. The aggregation of resorcinol 
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formaldehyde particles hindered its potential to fabricate continuous and regular porous 

structure. DRS results showed that the composites showed visible light responsive 

behavior and a bandgap of around 2.1 eV. TiO2 synthesized with the same template 

showed similar BET surface area, performing much better for the degradation of 

Rhodamine B than NT composites. In future work, the ratio between TiO2, NiO, and 

NiTiO3 could be tuned with the aim of improving the photocatalytic performance.  
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