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Abstract: Nitrogen-doped TiO2 has a great potential as a photocatalyst under visible light
irradiation with applications in the removal of air and water pollutants, and the treatment
of bacterial contaminations. In this study, nitrogen-doped TiO2 nanoparticles were synthesized
via the sol–gel method and a post-annealing heat treatment approach. The effects of annealing
treatment on the photocatalyst crystalline size and degree of crystallinity were analyzed. Methylene
blue dye was used as the model water contaminant for the evaluation of the photoactivity of
the synthesized nitrogen-doped TiO2 nanoparticles. The degradation of methylene blue was
attributed to three mechanisms, i.e., adsorption, photocatalysis, and direct light photolysis. A kinetic
model was developed to distinguish the impact of these three different mechanisms on the
removal of contaminants. Adsorption and photocatalysis are heterogeneous processes for removing
water organic contaminants. The characterization analysis demonstrates that they are relevant
to the microstructures and surface chemical compositions of nitrogen-doped TiO2 photocatalysts.
The processing–structure–performance relationship helped to determine the optimal processing
parameters for nitrogen-doped TiO2 photocatalyst to achieve the best performance. While we used
methylene blue as the model contaminant, the generalized quantitative model framework developed
in this study can be extended to other types of contaminants after proper calibration.

Keywords: nitrogen-doped TiO2 nanoparticles; photocatalysis; adsorption; sol–gel method;
dynamic modeling

1. Introduction

TiO2 as a photocatalyst has attracted extensive research interest as a promising material for
eliminating air and water contaminants due to its many advantages, i.e., nontoxicity, good chemical
stability, and relatively low cost [1–7]. However, the large bandgap of TiO2 limits its absorption spectrum
to the ultraviolet range. This limitation prevents the use of TiO2 in the indoor lighting environment,
since commonly used lamps, such as LEDs, fluorescent lamps, incandescent lamps, etc., emit low
amount of ultraviolet light [8,9]. To extend the absorption spectrum into the visible light range, TiO2 has
been modified by doping with impurity elements, e.g., nitrogen, carbon, iron [10–14]. The doped TiO2

has a narrower bandgap and can be responsive to the visible light excitation. Among those doped TiO2,
nitrogen-doped TiO2 (N-TiO2) has been intensively studied and widely used in the environmental
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protection applications, including air purification and water treatment [14–19]. Figure 1 illustrates the
possible mechanisms of degradation of organic contaminants in the presence of N-TiO2 photocatalysts.
The N-TiO2 photocatalyst facilitates the degradation of the organic contaminants via heterogeneous
processes [20–22]. The organic molecules are first adsorbed on the photocatalyst surfaces denoted
as path 1 in Figure 1, and then degradation reaction denoted as path 2 occurs. With light irradiance,
electron and hole pairs are generated in the photocatalyst, and they are further reacted with the oxygen
and water in the surroundings, respectively. Superoxide anion (O2

−) and hydroxyl radical (·OH)
are consequently produced. The generated reactive oxygen species (ROS) have a strong oxidizing
ability to degrade the adsorbed organic contaminants. In addition to adsorption and photocatalysis,
some organic contaminants can undergo direct photolysis under light irradiation without photocatalyst,
denoted as path 3 in Figure 1. For example, tricholocarbon (TCC), a disinfectant [23], and β-blocker
as a pharmaceutical ingredient [24], can be efficiently degraded via direct photolysis under sunlight.
In practice, adsorption, photocatalysis, and direct photolysis occur simultaneously. The kinetics of
these chemical processes are of practical importance for industrial applications. Industries are keen to
speed up the reactions and promote economic growth. The knowledge of these reaction mechanisms
can provide the guidelines to the materials development, reactor designs, and optimization of reaction
conditions. Therefore, it is critical to elucidate the effects of these three mechanisms on the removal of
organic contaminants.
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Figure 1. Schematic of the different mechanisms involved in the degradation of contaminants by
N-TiO2 photocatalysts.

The Langmuir–Hinshelwood equation is a commonly used model to explain the heterogeneous
catalytic process, combining adsorption and reaction processes [25–27]. However, this model has
limitations as it requires an equilibrium state between the adsorbate and adsorbent at all times
during the reaction. In reality, adsorption and reaction are both dynamic processes. Additionally,
direct photolysis by light irradiation was neglected in most reported experiments, where light sources
with high intensity were used. In such cases, there could be a noticeable degradation of contaminants
through the direct photolysis mechanism, but this effect is commonly incorporated in the interpretation
of the photocatalysis mechanism and should be decoupled. Here, we proposed a kinetic model that
combines adsorption, photocatalysis, and direct photolysis. We also carried out related experiments
with respect to the model. By fitting experimental data to the proposed model, the effects of these three
mechanisms on degradation of contaminants are quantitatively evaluated, and one can access their
dominance in the photocatalytic experiments.

This work represents a comprehensive quantitative model for the nitrogen-doped
titania (N-TiO2) nanoparticle-assisted photocatalytic degradation of organic dyes in aqueous
environments. The presented model holistically considers the kinetics of critical processes involved in
the photocatalytic degradation of a representative water-born organic dye contaminant, including the
processes involved in dye adsorption, photolysis, and photocatalytic reactions. The generalized
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quantitative model framework can be extended to other types of contaminants after proper calibration.
Moreover, this study experimentally investigated the effects of synthesis and processing conditions
on the structural features of titania nanoparticle-based photocatalyst as well as their performance.
This sheds light on the processing–structure–performance relationship in visible-light-driven N-doped
TiO2 photocatalysts and will help to determine the optimal processing parameters that achieve the
best performance.

2. Result and Discussion

2.1. Characterization of N-TiO2 Photocatalysts

The pXRD patterns of the N-TiO2 photocatalyst annealed at different temperatures and time are
shown in Figure 2. The crystallite size and degree of crystallinity were further studied. The crystallite
size was estimated from the Debye–Scherrer equation:

L =
Kλ

d·cosθ
(1)

where L is the crystallite size, K is the crystallite shape factor, and K is usually taken as about 0.9 [28],
λ is the wavelength of the X-ray, θ is the Braggs’ angle, and d is the full width at half maximum
(FWHM) intensity of the pXRD peak in the unit of rad. Here, the first peak, which is the most reliable
peak, was utilized in the calculation. The degree of crystallinity was estimated using Rietveld analysis
that is integrated in the X-ray powder diffraction (PDXL) software:

Degree of crystallinity =
Area of crystal peaks

Area of crystal peaks + Area of amorphous halo
(2)
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Figure 2. The pXRD spectra of the N-TiO2 photocatalysts. Black: NTi-300-0.5 h, Orange: NTi-300-1 h,
Green: NTi-300-4 h, Red: NTi-400-0.5 h, Blue: NTi-500-0.5 h.

The calculated crystallite size and degree of crystallinity are listed in Table 1. The pXRD results
illustrate that as the annealing temperature increases, the crystallinity of N-TiO2 increases as well, and
they show a single anatase phase. In the meantime, the crystallite size increases significantly with
increased annealing temperature. This indicates that a higher temperature not only makes the grain
crystallized, but also facilitates the crystallite to grow larger. However, when holding the annealing
temperature at 300 ◦C and increasing the annealing time, the crystallinity slightly increases, but the
crystallite does not grow much.
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Table 1. The crystallite size, degree of crystallinity, Brunauer–Emmett–Teller (BET) surface area,
and Barrett–Joyner–Halenda (BJH) pore size of N-TiO2.

Photocatalysts Crystallite
Size (nm)

Degree of
Crystallinity (%)

BET Surface
Area (m2 g−1)

Average Pore
Size (nm)

Pore Volume
(cm3 g−1)

NTi-300-0.5 h 1.82 37.0 132.0 2.6 0.154

NTi-300-1 h 2.37 46.4 53.9 2.6 0.054

NTi-300-4 h 1.96 50.9 46.1 2.7 0.048

NTi-400-0.5 h 8.44 68.3 143.0 3.8 0.177

NTi-500-0.5 h 13.74 71.8 57.4 6.0 0.095

XPS was performed to analyze the chemical compositions and chemical states of the N-TiO2

powders. Figure 3a shows a comparison of the full spectra of N-TiO2 under various different annealing
temperatures and time. The spectra indicate the presence of titanium, oxygen, carbon, and nitrogen
elements in the three samples. The concentration of nitrogen decreases with elevated annealing
temperature. This may be due to the nitrogen loss from TiO2 with a high temperature treatment.
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Figure 3. The XPS results of N-TiO2. (a) Full spectra and (b) N 1 s spectra. Black: NTi-300-0.5 h, Orange:
NTi-300-1 h, Green: NTi-300-4 h, Red: NTi-400-0.5 h, Blue: NTi-500-0.5 h.

Figure 3b reveals the N 1s spectra of five N-TiO2 photocatalysts prepared with increased annealing
temperatures. For N-TiO2 annealed at 300 ◦C, all the three samples have a peak at a binding energy of
398 to 399.6 eV, but for NTi-400-0.5 h and NTi-500-0.5 h, they have another weaker peak at a binding
energy of 396.3 eV. According to previous work [20,29], the peak between 398 and 400 eV can be
attributed to the interstitial N bonding with lattice O in N-TiO2. For the peak at 396.3 eV, it comes from
Ti-N bonding, which can be interpreted as substitutional N at the O lattice [20,30]. For NTi-300-0.5 h,
there is a single peak at 398 eV, indicating that N is present in the N-TiO2 as interstitials. When annealed
at higher temperatures, the major peak between 398 and 400 eV reduces and a second peak at 396.3 eV
appears. This explains that some interstitial N is lost, and some is transformed to substitutional N
during the annealing process. However, the total N content in N-TiO2, including interstitial and
substitutional N, decreases with increased annealing temperature as shown in Figure 3b.

The Brunauer–Emmett–Teller (BET) surface area and Barrett–Joyner–Halenda (BJH) pore size
distributions were also measured. Figure 4 shows the N2 gas adsorption–desorption isotherms of the
prepared N-TiO2 photocatalysts and their corresponding pore size distributions. The BET surface area,
BJH pore size, and pore volume are listed in Table 1. Figure 5a–c shows the SEM images of N-doped
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TiO2 annealed for 1 h under 300 ◦C, 400 ◦C, and 500 ◦C. With increasing annealing temperature,
more crystalline particles appear in the surface of the catalyst materials.Catalysts 2020, 10, x FOR PEER REVIEW 5 of 12 
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morphology of N-TiO2.
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The following observations were obtained from the experimental data via the pXRD, BET, and
SEM analysis as summarized in Table 1. The effects of annealing temperature: with increasing annealing
temperature, the crystallite size increases, and pore size also increases (Table 1). This implies that higher
annealing temperature helps the crystalline grain size to grow. The increase of crystallite size also leads
to larger intergranular pores. It was observed that the BET surface area remains similar for samples
annealed at 300 ◦C and 400 ◦C. This might be due to the fact that the grain surface remains porous and
unordered even though the grain grows larger and more crystalline. When the annealing temperature
is increased to 500 ◦C, the BET surface area drops dramatically because the grains grow larger, and
the grain surface becomes smooth and nonporous with high temperature treatment. The effects of
annealing time: when holding the annealing temperature at 300 ◦C and increasing the annealing time,
the BET surface area decreases, but the pore size remains similar. This implies that under the same
temperature, increasing annealing time increases the degree of crystallinity but does not increase the
crystallite size. As a result, more crystallized particles have a smaller surface area. Figure 5d presents
the conceptual illustration of the effects of annealing temperature and annealing time on the size,
crystalline morphology transformation based on the pXRD, BET, and SEM analysis. That is, increasing
annealing temperature increases both the crystal size and degree of crystallinity, while increasing
annealing time increases the degree of crystallinity but not the crystal size.

2.2. Measurement of Photocatalytic Activity and Kinetic Modeling Results

The photocatalytic activity of the N-TiO2 photocatalysts was measured with the methylene blue
decomposition method, and the results are shown in Figure 6. Three experiments were carried out to
measure the adsorption, photocatalysis, and direct photolysis effects. First, the photolysis rate was
determined by measuring the degradation rate of methylene blue under light irradiation without
N-TiO2, as shown in Figure 6a. Second, the adsorption rates of each N-TiO2 photocatalyst were
measured in the dark environment, shown as black symbols in Figure 6b–f. Third, the degradation
rates of methylene blue were measured with N-TiO2 photocatalysts under light irradiation, shown as
red symbols in Figure 6b–f. These sets of experimental data are called “photocatalysis” but actually
contain photolysis, adsorption, and photocatalytic effects.

To fit the experimental data into the kinetic model, different parameters were used in the
experiments. Let us recall the meaning of rate coefficients: k1 is the adsorption rate on the photocatalyst
surface, k2 is the degradation rate of the adsorbate by photocatalysis, and k3 is the photolysis rate by
light irradiation. For pure photolysis rate, there are no adsorption and photocatalytic degradations,
so k1 and k2 are equal to zero, and k3 can be fitted directly to experimental data. The adsorption rate k1

and total available adsorption sites CP0 of the five photocatalysts (see Figure 6) can be obtained by
setting k2 and k3 as zero and fitting the adsorption experimental data to the kinetic model. After these
two operations, k1, k3, and CP0 can be obtained. Finally, the photocatalytic rate k2 can be obtained from
the known k1, k3, and CP0 and fitting the photocatalytic experimental data. The best-fitted parameters
k1, k2, k3, and CP0 of the different N-TiO2 photocatalysts are shown in Table 2.

Table 2. The fitted parameters of the kinetics model k1, k2, k3, and CP0 of N-TiO2.

Photocatalysts k1 (m3 mol−1 h−1) CP0 (mol m−3) k1·CP0 (h−1) k2 (h−1) k3 (h−1)

NTi-300-0.5 h 30.32 0.0660 2.0011 ≈0

0.0753

NTi-300-1 h 30.12 0.0447 2.3464 ≈0

NTi-300-4 h 14.09 0.0383 0.5396 0.1669

NTi-400-0.5 h 79.55 0.0141 1.1217 0.3861

NTi-500-0.5 h 25.10 0.0068 0.1707 0.0996
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With increased annealing time but holding the same annealing temperature at 300 ◦C,
the adsorption capacity, indicated by CP0, and adsorption rate, indicated by k1, both decrease
as shown in Figure 6b–d and Table 2, which reveal that the adsorption effect mitigates. This can be
due to increased crystallinities of N-TiO2. Holding the annealing time from 0.5 h to 4 h results in
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incremental crystallinity from 37% to 50%, but crystallite sizes remain stable with increased annealing
time. As a result, the photocatalysts become more ordered and nonporous, which is further confirmed
by the BET results. BET shows that the surface area of N-TiO2 decreases with increased annealing
time. On the other hand, N-TiO2 annealed at 300 ◦C for a longer annealing time shows a better
photocatalytic activity, indicated by k2. Actually, the adsorption and photocatalysis results as shown in
Figure 6 coincide for NTi-300-0.5 h and NTi-300-1 h, which implies that the photocatalytic activities of
those two photocatalysts are very limited, and the removal of the contaminants mainly comes from
adsorption. With a longer annealing time, N-TiO2 photocatalysts become more crystalline and ordered,
which helps the separation of electrons and holes generated by the photocatalysis reaction. Therefore,
the photocatalytic activity increases with increased annealing time.

Upon holding the annealing time for 0.5 h and increasing the annealing temperatures from
300 ◦C to 500 ◦C, the adsorption effects of N-TiO2 dramatically mitigate as shown in Figure 6b,e,f and
Table 2. The adsorption capacity, CP0, decreases down to a tenth, which implies fewer adsorption sites
on the photocatalyst surface. This is due to higher crystallinity and larger crystallites confirmed by
pXRD analysis. However, the photocatalytic activities first increase but later decrease with increased
annealing temperatures, because a higher annealing temperature not only assists the crystallization of
N-TiO2 but also leads to a loss of the doped nitrogen content, which weakens the visible-light-driven
photocatalytic activity. Therefore, annealing at intermediate temperature, e.g., 400 ◦C, results in a better
photocatalytic activity.

Overall, the adsorption and photocatalytic performance are relevant to the microstructure and
doped nitrogen content in the N-TiO2 photocatalysts. Crystallinity and doped nitrogen amounts are
two dominant factors that affect the photocatalytic activity of N-TiO2. The characteristic properties
of N-TiO2 can be tuned by altering the annealing temperature and time. The annealing parameters
should be appropriately selected to reach a compromise between nitrogen content and microstructure
to obtain better photocatalytic activity.

3. Experimental Approach

3.1. Photocatalyst Preparation

N-TiO2 photocatalysts were synthesized via the sol–gel method as described in a previous
publication [31,32]. A colorless precursor solution containing 4 mL of titanium isopropoxide
(97%, Sigma-Aldrich, St. Louis, MO, USA), 20 mL ethylenediamine (99%, Strem Chemicals, Inc.,
Newburyport, MA, USA), and 150 mL of 1-hexanol (anhydrous, Sigma-Aldrich) was refluxed for 18 h
under Ar gas environment. The yellow-colored solution was cooled to the room temperature. To adjust
the OH− concentration before hydrolysis, acetic acid (Fisher Scientific, Waltham, MA, USA) was added
into the solution. The precursor solution needs approximately 30 mL of acetic acid to neutralize the
excess ethylenediamine used during reaction, which was confirmed by a pH paper test. The resulting
solutions were hydrolyzed by drop-wise adding 58 mL of distilled water. The synthesized slurries
were centrifuged at 7000 rpm with 60 mL distilled water and 40 mL ethanol (100% concentration,
Decon Labs, Inc., King of Prussia, PA, USA) for 10 min, respectively. The slurries were left to air dry
overnight inside the fume hood and then dried in an oven set at 80 ◦C. After that, the samples were
annealed in the air at 300 ◦C, 400 ◦C, and 500 ◦C for 0.5 h, 1 h, and 4 h, respectively. The annealing
process was achieved in a tube furnace (Thermo Scientific Lindberg, Columbia, MD, USA). The heating
rate was set as 1 ◦C min−1, and the cooling rate was set as 2 ◦C min−1. The N-TiO2 photocatalysts
were obtained with different annealing temperatures and time, which are designated NTi-x-y, where x
denotes annealing temperature in ◦C, and y represents annealing timed in h. Finally, five photocatalysts
were prepared and studied: NTi-300-0.5 h, NTi-300-1 h, NTi-300-4 h, NTi-400-0.5 h, and NTi-500-0.5 h.
All the reagents used in this study were used without further purification.
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3.2. Photocatalyst Characterization

The concentration and chemical state of the nitrogen dopant were analyzed with a PHI Versaprobe
5000 Scanning X-ray Photoelectron Spectrometer (XPS) using a monochromatic Al Kα source operated
at 45 W. The powder X-ray diffraction (pXRD) analysis was carried out with a Rigaku MiniFlex powder
X-ray diffractometer using Cu-Kα radiation (wavelength is 0.154 nm). The Brunauer–Emmett–Teller
(BET) specific surface area and Barrett–Joyner–Halenda (BJH) pore size distribution were measured
based on N2 gas adsorption and desorption by using Micromeritics TriStar II 3020.

3.3. Measurement of Photocatalytic Activities

The photocatalytic activities of the N-TiO2 were measured by the degradation of the methylene
blue aqueous solution (Sigma-Aldrich). The visible light source was a 52 W LED (Tadd, LLC, Cary, IL,
USA) with the wavelength between 400 and 700 nm. The photocatalytic performance was analyzed
by adding 10 mg photocatalyst powder into 25 mL of 15 mg L−1 methylene blue aqueous solution
(0.4 g/L). The reaction suspension was placed 5 cm below the LED light with magnetic stirring. At each
given time interval, small amounts of the samples were collected after filtering suspension with
0.22 µm syringe filter, and absorbance spectra of the solutions were measured using a Cary 60 UV-Vis
spectrophotometer. The dynamic process of the photocatalyst adsorbing methylene blue was measured
in the dark environment as the same step described above. To evaluate the photodegradation of
methylene blue by the light only, the experiment was conducted without adding the photocatalyst.

3.4. Model of Adsorption and Photocatalysis

Degradation of water contaminant (C) under light irradiance in the presence of photocatalyst
proceeds in two steps. The first step involves the adsorption of the contaminant molecules on the
photocatalyst surface. The vacant adsorption sites (P) are occupied and become occupied sites (C−P):

C + P→ C− P (3)

In the second step, the adsorbed contaminant is decomposed under the light irradiation, and thus,
the occupied adsorption sites turn back to vacancy:

C− P
light
→ P (4)

In addition to the photocatalysis process, the contaminant can also be decomposed by direct light
irradiation. Overall, we define three reaction rate constants in this model: (1) k1—adsorption rate on
the photocatalyst surface; (2) k2—decomposition rate of adsorbed contaminant by the photocatalysis;
and (3) k3—direct photolysis by light in the solution. The governing equations for describing the
reaction rate of this systems yield:

dCC
dt

= −k1·CC·CP − k3·CC (5)

dCP

dt
= −k1·CC·CP + k2·CC−P (6)

where CC (mol m−3) is the concentration of the methylene blue, CP (mol m−3) is the concentration of
unoccupied adsorption sites in the photocatalyst, and CC−P (mol m−3) is the concentration of occupied
adsorption sites by methylene blue in the photocatalyst. The total adsorption sites including occupied
and unoccupied sites are fixed when a certain amount of photocatalyst is added:

CC−P + CP = CP0 (7)
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By substituting C in Equation (7) into Equation (6), Equation (6) can be written as:

dCP

dt
= −k1·CC·CP + k2·(CP0 −CP) (8)

For better interpretation of the variables, nondimensionalization is derived by substituting CC and
CP with C∗C =

CC
CC0

and C∗P = CP
CP0

. Therefore, Equations (3) and (6) are converted to a coupled system:

dC∗C
dt

= −k1CP0 C∗C C∗P − k3C∗C (9)

dC∗P
dt

= −k1CC0 C∗C C∗P + k2
(
1−C∗P

)
(10)

where CC
* and CP

* are the dimensionless concentrations of contaminant and unoccupied adsorption sites
in the photocatalyst, respectively. CC0 and CP0 (mol m−3) are corresponding the initial concentrations of
contaminant and adsorption sites. We used MATHEMATICA to solve system of Equations (7) and (8),
and rate coefficients k1, k2, and k3 by fitting experimental data to the model solutions were estimated.

4. Conclusions

Nitrogen-doped TiO2 photocatalysts were synthesized via the sol–gel method and a post-annealing
heat treatment approach. The effects of annealing temperature and annealing time are characterized for
their influence on the microstructure and surface chemical composition of the fabricated photocatalysts.
These characteristics are relevant to the adsorption and photocatalysis effects of the nitrogen-doped
TiO2 photocatalysts. The kinetics of adsorption, photocatalysis, and direct photolysis mechanisms were
measured with the methylene blue decomposition method. A kinetic model was built to distinguish the
impacts of these three mechanisms on the removal of contaminants. The modeling and experimental
results show that a higher annealing temperature leads not only to less adsorption, but also loss
of interstitial nitrogen. Therefore, annealing temperature should be appropriately selected to reach
a tradeoff between nitrogen content and microstructure facilitating catalytic performance.
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