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Abstract: The application of highly active nano catalysts in advanced oxidation processes (AOPs)
improves the production of non-selective hydroxyl radicals and co-oxidants for complete remediation
of polluted water. This study focused on the synthesis and characterisation of a highly active visible
light C–N-co-doped TiO2 nano catalyst that we prepared via the sol-gel method and pyrolysed at
350 ◦C for 105 min in an inert atmosphere to prevent combustion of carbon moieties. Then we
prolonged the pyrolysis holding time to 120 and 135 min and studied the effect of these changes on the
crystal structure, particle size and morphology, electronic properties and photocatalytic performance.
The physico-chemical characterisation proved that alteration of pyrolysis holding time allows control
of the amount of carbon in the TiO2 catalyst causing variations in the band gap, particle size and
morphology and induced changes in electronic properties. The C–N–TiO2 nano composites were
active under both visible and UV light. Their improved activity was ascribed to a low electron–hole
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pair recombination rate that enhanced the generation of OH· and related oxidants for total deactivation
of O.II dye. This study shows that subtle differences in catalyst preparation conditions affect its
physico-chemical properties and catalytic efficiency under solar and UV light.

Keywords: nano-photo catalysts; pyrolysis; holding time; band gap; crystal structure; particle size;
photocatalytic activity; recombination rate

1. Introduction

The accumulation of persistent organic pollutants (POPs) in water sources demonstrates the failure
of conventional treatment methods for complete removal of these xenotoxins [1]. Direct oxidation
of POPs in water could be an alternative remediation route to remove these pollutants. Advanced
oxidation processes (AOPs), such as O3/UV, H2O2/UV, O3/UV/H2O2, UV/catalysts, etc., have been
considered as effective oxidative methods in producing non-selective hydroxyl radical and persulfate
oxidants for degrading such pollutants [2–6]. The efficiency of AOPs varies according to the amount of
OH· generated.

Recently, the use of semiconductor photo catalysts in AOPs has been shown to be an active
method to improve the yield of OH· in water treatment processes [7–9]. Titanium dioxide (TiO2)
that is often found in anatase, brookite or rutile forms is a less costly, stable photo catalyst and has
commonly been utilised in powder form for photo catalytic removal of organic pollutants from water
and wastewater [10,11]. Its large band gap of 3.2 eV that is mostly active only under UV light has
become a limitation for solar systems. The tuning of TiO2 absorption band from the UV range to visible
region has been the subject of diverse research investigations [12–14].

From this point of view, the structural manipulation of semi-conductor composites has gained
serious attention in photo catalysis. The valence band (VB) of TiO2 consists of 2p orbitals of oxygen
while the 3d orbitals of titanium govern the conducting band (CB) [15]. Hence, the modification of the
TiO2 band structure entails that the electron–hole pairs generated on both VB and CB absorb visible or
UV light, while the band edge on top of the VB and below the CB should not be excessively altered
which might compromise TiO2 photo activity [16].

The doping process using metal loading [17] or by incorporation of non-metals, such as C and
N, has been used as a common principle to diminish the TiO2 band gap to the visible range and to
reduce the electron–hole recombination [18–20]. Alternatively, the band gap tuning relates to using
more visible light but reducing electron recombination could be more effective for UV light application.
Yu and co-workers [21] established a practical method for instantaneous doping of carbon and nitrogen
in TiO2 by annealing titanium carbonitride in air at temperatures between 400 and 700 ◦C and time
ranging from 3 to 12 h. The results of their study showed that the synthesised C–N–TiO2 annealed
at 400 ◦C for 8 h was highly photo catalytically active under visible light which further reduced the
recombination rate of electron hole pairs. It could be noticed that their route for conversion of Ti2CN to
powder C–N–TiO2 nano catalyst by an annealing process is time and energy consuming and suggests
that more advanced methods leading to the synthesis of photo catalysts in a short period of time at
milder conditions is of interest.

A similar study was carried out by Li et al. [22] who employed a one-step microwave (MW)
irradiation technique for the incorporation of carbon and nitrogen atoms into TiO2 lattice and the
prepared C–N–TiO2 catalyst was simultaneously deposited onto common brick ((C, N)-TiO2/brick).
The outcomes showed that the porous surface of (C, N)-TiO2/brick considerably improved the
surface area of the sample that resulted in a longer lifetime for photo-produced electron–hole pairs,
and consequently enhanced the photocatalytic properties of the composites. However, the effect
of calcination holding time in the air on the properties of the prepared (C, N)-TiO2/brick was not
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mentioned in their study, recalling that calcination combusts the carbon whereas pyrolysis causes
controlled degradation.

The manufacturing of C–N–TiO2 nano composites was also conducted by a few authors using
different methods [23,24]. Even though these studies sustained that the methods for engineering
of C–N–TiO2 catalysts were cost effective, efficient and environmental benign, parameters such as
calcination holding time on the physical and chemical properties were not fully investigated. On the
contrary, introduction of substituents in the TiO2 framework often results in a decrease or an explained
increase of its band gap [13,15].

Hence, the alteration of the TiO2 absorption energy band and reduction of electron–hole pairs’
recombination are still on-going research fields as a full comprehension of the interaction between
dopants or impurities and the TiO2 lattice is still challenging and difficult to control systematically.
Furthermore, the physico-chemical properties and the reactivity of photo catalysts such as TiO2 may
depend on the synthesis method [10]. The sol-gel method has been found practical due to its operational
ease and low cost [19,20].

Other authors claimed that the crystal structure, band gap, size distribution, surface area, porosity
and surface hydroxyl density may impact upon the activity of TiO2 [11] but in most of these studies
the impact of annealing holding time on the aforementioned properties have not been elucidated.
Therefore, a critical investigation of the impact of calcination holding time on the physico-chemical
properties of the sol-gel synthesised TiO2 based catalysts is still an open research field aiming at
understanding the limitations of TiO2 efficacy.

Herein, we synthesised a C–N–TiO2 nano catalyst by a simple and rapid sol-gel method using
polyacrilonitrile (PAN) and TiCl4 as precursors followed by pyrolysis in N2. The impact of annealing
using pyrolysis holding time to control crystal structure, shape, size was examined. Furthermore,
the influence of pyrolysis holding time on the activity of the nanostructured C–N–TiO2 was evaluated
for the degradation of orange II sodium salt dye under UV light. Overall, the aim of this study was to
engineer a stable and active C–N–TiO2 photo catalyst by sol-gel protocols for future incorporation
in solar and UV based advanced oxidation processes (AOPs) to boost the total removal of persistent
organic pollutants under UV light.

2. Results

2.1. X-Ray Diffraction and Raman Spectroscopy Analysis of the Synthesized Catalysts

The XRD analysis and Raman spectroscopy were used to determine the phase composition,
particle size and the crystallinity of TiO2 and C–N–TiO2 co-doped nano particles and the results of this
analysis are presented in Figure 1a,b.

Figure 1a shows that pure Degussa TiO2 consisted of both anatase (JCPDS, No. 00-021-1272) and
rutile phases (JCPDS, No. 00-021-1276) with the anatase phase being predominant as indicated by
its peak intensities. The pure mineral anatase phase was characterised by the following diffraction
peaks 2θ = 25.28◦ (101), 36.9◦ (103), 37.8◦ (004), 48◦ (200), 53.89◦ (105), 55.06◦ (211), 62.69◦ (204),
68.76◦ (116), 70.31◦ (220), 75.03◦ (215), and 82.66◦ (224) which correspond to the body-centred tetragonal
lattice structure of the pure mineral anatase phase. Raman spectra in Figure 1b show the dominant
TiO2 peak at 157.39 cm−1, while minor peaks depicted at 206.77, 397.68, 515.42 and 637.25 cm−1

supplement/confirm the anatase phase highlighted in Figure 1a.



Catalysts 2020, 10, 847 4 of 27

Catalysts 2020, 10, x FOR PEER REVIEW 4 of 28 

 

constricted band gap [12,26]. The size of TiO2 Degussa and C–N–TiO2 nano crystals were estimated 
using the Scherrer Equation (1) [27], and the results are presented in Table 1. 𝑑 =  𝑲 ൈ 𝝀𝑩(ଶ)  ൈ cosθ (1) 

where d is the nano crystal size; K ≈ 0.94 is a dimensionless shape factor; λ ≈ 0.15406 nm is the CuKα 
diffraction wavelength, B (2θ) is the line broadening at half the maximum intensity (FWHM), 
expressed in radians (after subtracting the instrumental line broadening); and θ is the Bragg angle 
in degrees. 

 
Figure 1. (a) X-ray diffraction (XRD) and (b) Raman analysis of TiO2 Degussa (S0) and the 
synthesised C–N–TiO2 nano catalysts pyrolysed at 350 °C, a ramping rate of 50 °C/min at different 
holding times (105 min (S1), 120 min (S2), and 135 min (S3)) with A = anatase and R = rutile. 

Table 1. Summary of the average particle sizes of TiO2 Degussa and the synthesised C–N–TiO2 
photo catalysts estimated from XRD analysis using the Scherer equation. 

Photo Catalysts Catalyst Size (nm) 
XRD (Scherrer Equation) 

S0 21.0 
S1 5.5 
S2 6.3 
S3 6.4 

The data presented in Table 1 indicate that the size of the nano-photo catalysts estimated by 
the Scherrer equation is significantly smaller than the particle size of TiO2 Degussa (S0 sample). The 
result indicates that the production route for co-doped nano TiO2 using the sol-gel/pyrolysis 
procedure promoted the formation of small crystalline domains [12]. The Scherrer equation 
evaluated the particles size of the three samples (S1, S2 and S3), not to be too dissimilar (numbers). 
The XRD results show no peaks characteristic of graphite indicating that, if carbon residues are 
present, they are in and amorphous form. 

2.2. Fourier Transform Spectroscopy of the Catalysts 

Fourier transforms spectroscopy (FTIR) analysis was further used to elucidate the functional 
groups present in the synthesised C–N–TiO2 catalyst pyrolised at 350 °C for different holding times 
and the spectra are shown in Figure 2a. 
Three different absorption bands in all samples were present and are summarised and presented in 
Table 2. The OH/N–H stretching were identified in 3800–3600 cm−1 region for all catalysts [26,27] as 

Figure 1. (a) X-ray diffraction (XRD) and (b) Raman analysis of TiO2 Degussa (S0) and the synthesised
C–N–TiO2 nano catalysts pyrolysed at 350 ◦C, a ramping rate of 50 ◦C/min at different holding times
(105 min (S1), 120 min (S2), and 135 min (S3)) with A = anatase and R = rutile.

The rutile phase was characterised by the presence of diffraction peaks at 2θ = 27.44◦, 36.08◦, 41.2◦,
and 55.8◦ and 71.29 as from (JCPDS) No. 00-021-1276 corresponding to the tetragonal lattice parameters
of the rutile phase. The comparison with the powder X-ray diffraction (PXRD) patterns and the Raman
peak of the Degussa catalyst shows that the catalysts synthesised here only contained the anatase
phase, although it is difficult to be absolutely certain, due to the broadness of the diffraction peaks.
However, it was reported that the formation of the anatase phase occurs, in general, at temperatures
below 400 ◦C [25].

This meant that the synthesis procedure using the sol-gel protocol followed by pyrolysis resulted
mostly in the anatase phase formation which was deemed advantageous for photo catalytic applications
due to the small crystalline size, well-crystalline anatase phase and probably constricted band
gap [12,26]. The size of TiO2 Degussa and C–N–TiO2 nano crystals were estimated using the Scherrer
Equation (1) [27], and the results are presented in Table 1.

d =
K × λ
B(2θ)

× cos θ (1)

where d is the nano crystal size; K ≈ 0.94 is a dimensionless shape factor; λ ≈ 0.15406 nm is the CuKα

diffraction wavelength, B (2θ) is the line broadening at half the maximum intensity (FWHM), expressed
in radians (after subtracting the instrumental line broadening); and θ is the Bragg angle in degrees.

Table 1. Summary of the average particle sizes of TiO2 Degussa and the synthesised C–N–TiO2 photo
catalysts estimated from XRD analysis using the Scherer equation.

Photo Catalysts Catalyst Size (nm)
XRD (Scherrer Equation)

S0 21.0
S1 5.5
S2 6.3
S3 6.4

The data presented in Table 1 indicate that the size of the nano-photo catalysts estimated by the
Scherrer equation is significantly smaller than the particle size of TiO2 Degussa (S0 sample). The result
indicates that the production route for co-doped nano TiO2 using the sol-gel/pyrolysis procedure



Catalysts 2020, 10, 847 5 of 27

promoted the formation of small crystalline domains [12]. The Scherrer equation evaluated the particles
size of the three samples (S1, S2 and S3), not to be too dissimilar (numbers). The XRD results show
no peaks characteristic of graphite indicating that, if carbon residues are present, they are in and
amorphous form.

2.2. Fourier Transform Spectroscopy of the Catalysts

Fourier transforms spectroscopy (FTIR) analysis was further used to elucidate the functional
groups present in the synthesised C–N–TiO2 catalyst pyrolised at 350 ◦C for different holding times
and the spectra are shown in Figure 2a.
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Figure 2. (a) FTIR spectra and (b) thermal gravimetric analysis (TGA) of C–N–TiO2 nano composites
pyrolysed in nitrogen gas at 350 ◦C and held at temperature for different times 105, 120 and 135 min.

Three different absorption bands in all samples were present and are summarised and presented
in Table 2. The OH/N–H stretching were identified in 3800–3600 cm−1 region for all catalysts [26,27] as
shown in Table 2 as well as peaks relating to N–H; C–C, C–O, C–N and probably C=N, C=O, N=O,
OH stretch, etc., that appeared in from 1000–1800 cm−1 and 1800–1200 cm−1 for all catalysts [26,28]
which could be ascribed to the decomposition of Polyacrylonitrile (PAN) and NH4NO3 during pyrolysis
at 350 ◦C [29,30].

Table 2. Functional groups of the synthesised C–N–TiO2 nano catalysts, pyrolysed with nitrogen gas
at 350 ◦C using a ramping rate of 50 ◦C/min and held at different times 105 min (S1), 120 min (S2) or
135 min (S3).

Photo Catalysts and Pyrolysis Time (Min) Absorption Bands (cm−1) Functional Groups/Stretching/Vibrations

S0 3800–3000, 275–1000 OH stretching, Ti–O, Ti –O–Ti

S1

3800–3600 OH/N-H stretching, etc.

1900–1800, 1800–1200 –N–H, –C–C–, C–O and C–N, OH, stretching, etc.

1200–700 TiO, Ti–O–Ti, N–Ti–O2, C–Ti–O, C–Ti, C–O–Ti–O,
N–Ti–O, N=O, etc.

S2

3800–3600 OH/N–H stretching, etc.

1900–1800, 1800–1200 –N–H, –C–C–, C–O and C–N, OH, stretching, etc.

1200–700 Ti–O, Ti–O–Ti, N–Ti–O2, C–O–Ti–O, C–Ti,
N–Ti–O, N=O, etc.

S3

3800–3600 OH/N–H stretching, etc.

1900–1800, 1800–1200 –N–H, –C–C–, C–O and C–N, OH, stretch, etc.

1200–700 Ti–O, Ti–O–Ti, N–Ti–O2, C–O–Ti–O, C–Ti,
N–Ti–O N=O, etc.
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Finally, Ti–O, C–Ti–O, O–Ti–O, N–TiO2, Ti–O–Ti and N=O stretching are evident in the
1200–500 cm−1 range in all samples demonstrates the bonding of Ti, O and N in C–N–TiO2 catalyst [31].
This is also evident from the intensity of FTIR spectra peaks in the same range (1200–700 cm−1) that
shifted toward lower wavenumbers as pyrolysis time was increased. The aforementioned functional
groups demonstrate the presence of C and N associated with the TiO2 semiconductor. The unsaturated
functional groups, such as C=O and N=O, resulted from random combinations of unstable C and N
impurities deposited upon nano-TiO2 during the pyrolysis process.

The pyrolysis process might have further induced the formation of various evaporated gases such
as CO, NO, etc. Furthermore, in Table 2, C–Ti bonds were also present at the holding times of 120 and
135 min. However, due to the instability of C–Ti, N–Ti, etc., C and N might have evaporated during
extended holding times of pyrolysis and caused the band gap to revert closer to that of Degussa TiO2

(see Figure 2).

2.3. Thermal Gravimetric Analysis of the Synthesised Catalysts

The TGA outcomes presented in Figure 2b show the mass loss of C–N–TiO2 nano catalysts over
time during pyrolysis in N2. The results indicate that the loss of some volatile components in the
synthesised catalysts occurred between 100 and 130 ◦C. These trends supplement the gas evaporation
claimed in the FTIR discussion. With reference to TiO2 Degussa, about 8.7% of the mass of the
C–N–TiO2 (105 min) was lost between 130 ◦C and 700 ◦C, compared to 10% and 14.65% mass loss
recorded for C–N–TiO2 (120 min) and C–N–TiO2 (135 min), respectively. The increase of the pyrolysis
time during the catalyst preparation resulted in an increased loss of volatile components forming part
of the catalyst mass loss.

The high mass loss was ascribed mostly to loss of carbonaceous species from PAN degradation
and shows that a large amount of C content in the product was related to the PAN precursor (Table 3).
Thus, the catalyst mass loss experienced in this study was probably due to PAN decomposition that
occurred between 130 and 700 ◦C. Indeed, the carbonisation of PAN in N2 gas, certainly led to the
cyclisation reaction whereby the nitrile groups appearing at 2261 cm−1 were converted to C=N bonds
that were evidenced by the FTIR along with C=C and C–N stretching between 1200 and 1800 cm−1 as
supported by Sánchez-Soto et al. [32] and Darányi Mári et al. [33].

Table 3. Weight percentage as derived TEM-energy-dispersive spectroscopy (TEM-EDS) of the
synthesised nano catalysts pyrolysed at 350 ◦C using a 50 ◦C/min ramping rate and holding times of
105 min (S1), 120 min (S2) or 135 min (S3) under nitrogen.

Elements Weight Percentage (%)

S0 S1 S2 S3

C NA ±72.2 ±64 ±40
N NA ±7.1 ±5.0 ±3.6
Ti 63.4 ±10 ±21.8 ±49.6
O 34.6 ±8.3 ±12 ±2.9
Cl NA ±1.6 ±2.1 ±3.7

C to Ti ratio NA 7:1 3:1 1:1

Therefore, the detected C–N, C=N and C=C bonds resulted from chain conjugation whereby
C=C bonds were formed during the tautomerisation of the cyclised product [34]. Likewise, the C=O
stretching from DMF solvent trapped in polymer certainly evaporated early on during pyrolysis of
C–N–TiO2 at 350 ◦C, recalling that the boiling point of DMF is estimated to be around 153 ◦C according
to Darányi et al. [33], as a clear weight loss was evident below 130 ◦C.
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2.4. Electron Energy Loss Spectroscopy

The presence of bonding between C, N and Ti in the synthesised catalysts was investigated by
electron energy-loss spectroscopy (EELS) plotted in Figure 3.
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Figure 3. Electron energy-loss spectra of (a) carbon K edge and nitrogen K edge line profiles and
(b) titanium L3,2 and oxygen K edge line profiles of the different catalysts synthesized by sol-gel
method, and pyrolysed at 350 ◦C at 50 ◦C/min ramping rate for different times (S0 = Degussa TiO2;
S1 = C–N–TiO2 105 min; S1 = C–N–TiO2 105 min; S2 = C–N–TiO2 120 min; S3 = C–N–TiO2 135 min).

Figure 3a confirms the presence of both carbon (K edge onset detected at 284 eV) and nitrogen
(K edge at 404 eV) present in all three doped specimens. Figure 3b shows the titanium L3,2 line profile
of the doped specimens against that of the undoped Degussa TiO2. From the Degussa line profile,
the common crystal field splitting from the predominantly rutile crystal structure is indicated by the
arrows between 460 and 480 eV.

The hump on the lower eV side is the L3 peak, which originates from electron transitions from the
inner 2p3/2 orbitals to empty 3d orbitals of the Ti metal. The L2 edge, on the higher eV side, originates
from 2p1/2 → 3d electron transitions. In the case of Ti oxides, the near-edge structures found in the
L3,2 edges mainly reflect the covalent bonding states resulting from direct and/or indirect interactions
between O and Ti atoms. As such, a study of this edge structure, i.e., its change in crystal field splitting
and or shifting of peak position, can give an idea of the introduction of foreign atoms into the TiO2

lattice, i.e., doping.
From Figure 3b, it can be seen that with an increase in synthesis time, there is a slight shift in the

Ti L3,2 line shape position compared to that of the undoped Degussa TiO2. This was further confirmed
by the splitting of the L3,2 peak located between 460 and 480 eV with TiO2 Degussa into individual
L3 and L2 humps at 462 eV in Figure 3b that were indiscernible in the case of the S1 or S2 samples,
but well present at 470 eV in the S3 sample.

2.5. XPS Analysis of C–N–TiO2 Catalysts

Besides EELS, XPS analysis was carried out to verify the surface composition and chemical states
of C–N–TiO2 nano materials calcined at 350 ◦C for 105 min (S1), 120 min (S2) or 135 min (S3). The XPS
survey spectra in Figure 4a shows that Ti 3p, Ti 3s, C 1s, N 1s, Ti 2p, O 1s and O KLL were obtained from
each of the calcined C–N–TiO2 catalysts. High-resolution XPS spectra in Figure 4b shows C 1s peaks
for three catalysts were 282.6 eV for S1, 283.2 eV for S2 and 283 eV for S3 and corresponded to Ti–C
in C–N–TiO2 catalysts. The carbon atom was substituted for the oxygen atom in the lattice of TiO2

to form Ti–C [35,36] in which the surface amount of Ti–C was increased substantially by increasing
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pyrolysis time from; 9.7% for S1 to 42.0% for S2 and 48.3% for S3, respectively. This may be due
to the diffusion of carbon from the bulk to the surface when increasing the pyrolysis holding time.
The binding energy at 284.6 eV attributed to C–C/C–H mainly derived from the decomposition of PAN
shown in Figure 3b and NH4NO3 as well as from so-called adventitious carbon [37]. The peaks at
286.4 eV for S1, 286.3 eV for S2 and 286.5 eV for S3 could be assigned to the C=N functional groups
obtained from the decomposition of PAN and NH4NO3 [38]. The deconvolution of N 1s peak resulted
in two distinct peaks as shown in Figure 4c. The peak centred at 397.3 eV for S1, 397.1 eV for S2 and
396.7 eV for S3 could be from N atoms in O–Ti–N linkages [39]. The other peak at 399.1 eV for S1,
398.5 eV for S2 and 398.3 eV for S3 were from C=N–C as in pyridine N [39].
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Figure 4. (a) The XPS survey spectra, (b) high-resolution C 1s, (c) high-resolution N 1s and
(d) high-resolution Ti 2p for C–N–TiO2 catalysts calcined at 350 ◦C for 105 min, 120 min and 130 min.

The high-resolution spectra in Figure 4d demonstrated Ti 2p peaks for C–N–TiO2 catalysts calcined
at different temperatures. The peaks at 458.3 eV and 464.1 eV for S1 could be assigned as Ti 2p3/2 and
Ti 2p1/2 with a spin orbit splitting of 5.8 eV which was in good agreement with the binding energy
separation value of stoichiometric TiO2 [40,41]. The Ti 2p peaks for catalysts S2 and S3 exhibited the
binding energies shift toward lower values as Ti 2p3/2 at 457.7 eV and Ti 2p1/2 at 463.7 eV and Ti
2p3/2 at 457.4 eV and Ti 2p1/2 at 463.5 eV with a spin orbit splitting of 6 eV and 6.1 eV, respectively.
The reduction in Ti 2p binding energies toward lower values when increasing the pyrolysis holding
time was due to increase in formation of Ti–C (confirmed by Ti–C component in C 1s high resolution)
and reduction of Ti4+ to Ti3+ by accepting electrons and partial replacement of O2− with N3− to form
Ti-N bonds [41].
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2.6. Scanning Electron Microscopy and Energy-Dispersive Spectroscopy of C–N–TiO2 Pyrolysed at Different
Holding Times

Figure 5 presents SEM micrographs of pure TiO2 compared with the co-doped C–N–TiO2 nano
composites synthesised by the sol-gel method and calcined at 350 ◦C at 50 ◦C/min for 105, 120 or
135 min holding time.

Supplementary Figures to be added/for replacement in our manuscript recently published 
in Catalysts 2020 

 For Figure 5a, the corresponding SEM image is given below 

 

Below is the complete Figure 5 

 

Figure 5: (a–d) Scanning electron microscopy (SEM) of (a) pure Degussa and C–N–TiO2 pyrolysed at 350 °C at a 
ramping rate of 50 °C/min at different holding times: (b) 105 min, (c) 120 min and (d) 135 min 
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Figure 5. (a–d) Scanning electron microscopy (SEM) of (a) pure Degussa and C–N–TiO2 pyrolysed
at 350 ◦C at a ramping rate of 50 ◦C/min at different holding times: (b) 105 min, (c) 120 min and
(d) 135 min, and energy-dispersive X-ray spectroscopy (EDS) elemental mapping (e–i) of selected
C–N–TiO2 pyrolysed for 105 min.

The SEM photograph in Figure 5a is for Degussa P25 showing individual 21 nm spherical
crystallites. The SEM image of C–N–TiO2 pyrolysed for different holding times, presents an
agglomerated morphological aspect showing residual PAN whereas fine powder particles were
observed for pure TiO2 Degussa in Figure 5a. Figure 4b shows the formation of small spherical and
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cubic granular-shaped C–N–TiO2 nano crystallites pyrolysed for 105 min which were well distributed in
a carbon matrix as shown by TGA and XPS and had a size of 5.5 nm compared to the randomly dispersed
longitudinal spindle-and rod shaped crystals (6.3 nm), in Figure 5c and condensed agglomerated forms
(6.4 nm), in Figure 5d when pyrolysis time was increased to 120 or 135 min, respectively. The SEM also
showed that the TiO2 crystal sizes were larger than determined by the Scherrer equation indicating
poly crystalline agglomerates of TiO2 with well-developed particulate structures of sizes between 5
and 40 nm determined using ImageJ software and set in a matrix of carbon residues derived from the
PAN precursor [42,43]. The EDS mapping micrographs in Figure 5e demonstrate that C, N, O and Ti
were all present and well dispersed in the synthesised C–N–TiO2 nano composites.

Similar morphological changes were noticed by Tijani et al. [20] and Cheng et al. [19] during the
synthesis of C–TiO2 and N–TiO2 nano catalysts by different methods. These authors reported that
isolated C and N dopants in their substitutional bonding forms C–O–Ti–O and N–Ti–O in forbidden
bands of TiO2 lattice became unstable when increasing pyrolysis time.

During pyrolysis in N2 the PAN used as carbon source in this study degraded and its partially
pyrolysed carbon residues are still very much evident as the matrix around each TiO2 crystal, as was
observed in elemental EDS mapping shown in Figure 5e and HRTEM in Figure 6. At longer times,
less of the carbon residue remained compared to TiO2 Degussa that showed no mass loss around
130 ◦C, as shown by TGA with about 8, 10 or 14% mass loss noted for S1, S2 and S3, respectively. Thus,
when increasing pyrolysis holding time at 350 ◦C from 105 to 120 or 135 min, PAN decomposes into C
and N in the TiO2 matrix. This resulted in random recombination with O giving off toxic gases such as
NO, NO2, CO, CN as supported by FTIR and a total mass loss of 6% by TGA analysis. The NH4NO3

dosed during sol-gel preparation contributed as N source (NH4
+) while nitrates could have evaporated

as NO2 and related gases.
Thus, by increasing the pyrolysis time, we reduced the amount of PAN residues due to the diffusion

of incorporated C and N probably to the surface of the semiconductor photo catalyst. Consequently,
an analysis of the relative concentrations of C, N and other elements in the catalysts was assessed to
compliment the claims discussed in FTIR, TGA and SEM analysis.
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Figure 6. Bright-field micrographs and SAED patterns of (a–c) Degussa TiO2 (S0); (d–f) 105 min
C–N–TiO2 (S1); (g–i) 120 min C–N–TiO2 (S2); (j–l) 135 min C–N–TiO2 (S3) pyrolysed at 350 ◦C at
50 ◦C/min ramping.
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2.7. Transmission Electron Microscopy and Thin Film Energy-Dispersive Spectroscopy of the Synthesised
C–N–TiO2 Nano-Composites

The FEG-TEM analysis coupled with EDS spot analysis (TEM-EDS) of small selected areas were
used to determine the elemental composition of the prepared nano composites. This allowed the
determination of the relative concentrations of C, N and other elements in the catalysts to compliment
the claims discussed in FTIR, TGA and SEM analysis.

Although the sensitivity of SEM-EDS was very low for N detection, the small area approach
during TEM-EDS allowed for greater sensitivity as shown in Table 3, with weight percentage of C
(72.32%), Ti (10.55%), N (7.1%) and O (8.26%) showing that C and N were present in the TiO2 compound
after 105 min of holding time. While chlorine impurities (1.66%) were certainly derived from the Ti
precursor (TiCl4) used during sol-gel preparation, Cu resulted from the copper grid used to support
samples during TEM analysis. The C to Ti ratios in Table 3 show that a slight change in holding time
causes such a difference in the carbon matrix due to the instability of C in PAN heated at 350 ◦C.
Moreover, the huge amount of carbon measured by TEM-EDS in Table 3 probably includes residues of
degraded PAN gluing the crystals together; on the other hand, this could also result from C diffused to
the surface of C–N–TiO2 when PAN decomposed during the calcination process.

As expected, it could be noticed that increasing pyrolysis time resulted in a decrease of the C
content and the concomitant increase of Ti content. This is proven by the EDS weight% results showing
the decline in carbon content from 72, 64.0 to 40 after 105, 120 or 135 min of pyrolysis, while that of Ti
content increased from 10.55%, 21.86% to 49.65%, probably due to the carbon loss during pyrolysis.
In addition, it should be mentioned that as PAN has N in its structure; N was already present before
NH4NO3 addition; therefore, this explains the increase in N content observed in Table 3.

Furthermore, nitrogen content decreased from 7% to 3% during the pyrolysis process. Therefore,
a longer pyrolysis time induced volatilisation of the C and N introduced upon the TiO2 matrix by use
of PAN and NH4NO3 and led to morphological changes of the synthesised nanoparticles as shown by
SEM analysis in Figure 5.

2.8. Transmission Electron Microscopy and Selected Area Electron Diffraction Analysis of TiO2 Degussa and
C–N–TiO2 Nanoparticles

The C and N forming a matrix around and upon the TiO2 of C–N–TiO2 pyrolysed for different
holding times was assessed by TEM coupled with selected area diffraction patterns (TEM-SAED) as
shown in Figure 6. Figure 6c,f,i,l presents the SAED patterns of S0 (Figure 6c) and those of C–N–TiO2

nano catalysts S1 (Figure 6d–f), S2 (Figure 6g–i) and S3 (Figure 6j–l) pyrolysed under nitrogen gas at
350 ◦C at a ramping rate of 50 ◦C/min.

The TEM micrographs in Figure 6a showed the Degussa P25 TiO2 crystals (bright crystals) and its
SAED pattern (5c). While in Figure 6d,g,j the TEM images showed that C and N impurities were well
distributed throughout the TiO2 matrix. These observations were also supported by the TiO2 crystals
embedded in the carbon matrix surrounding the TiO2 catalysts as shown in Figure 6e,h,k. The bright
small reflections in the polymorphic rings observed in these images confirmed the polycrystalline
nature of the TiO2 nanoparticles.

The bright reflections on the spherical lines corresponded to the crystal plane (110) could be
ascribed to distinctive C–N–TiO2 nano crystals mostly in pure mineral anatase phase. However,
the crystal lattice reflections are brighter in the S0 sample compared to those in Figure 6f,i,l probably
due to the small randomly oriented nanoscale TiO2 domains in agglomerated particles as can be
deduced by comparing Scherrer equation estimations and SEM or TEM images.

From the SAED, it is also possible to account for the graphitic carbon content as diffuse rings were
evident, particularly in Figure 6f in which the sample had the highest carbon content [44].
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2.9. UV-Vis Spectroscopy Analysis, Determination of the Nano Catalyst Band Gap

The outcomes exhibited in Table 4 indicated that upon C and N deposition, the 3.2 eV absorption
band gap of pure anatase/Degussa TiO2 was narrowed to 2.67 eV, 3.10 and 3.17eV when pyrolysis time
was altered from 105, 120 to 135 min, correspondingly showing how accurately the pyrolysis time
allows band gap tailoring. The wavelengths and the approximated band gaps are recorded in Table 4
and plotted in Figure 7b.

Table 4. Effect of pyrolysis time under N2 gas at 350 ◦C and ramping rate of 50◦ C/min on the band
gap of the synthesised C–N–TiO2 nano catalysts (S0 = with Degussa TiO2; S1 = C–N–TiO2 105 min;
S2 = C–N–TiO2 120 min and S3 = C–N–TiO2 135 min).

Photo Catalysts Pyrolysis Holding Time (min) UV-Vis Absorption Wavelength (nm) Band Gap (eV)

S0 NA 408 3.2
S1 105 462 2.67
S2 120 393 3.10
S3 135 333 3.17
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Figure 7. Effect of calcination holding time (min) on band gap (a,b) and particle distribution of the
Degussa TiO2 (c) compared to the synthesised C–N–TiO2 nano composites pyrolysed at 350 ◦C for
105 (d); 120 (e) and135 (f) minutes (S0 = with Degussa TiO2; S1 = C–N–TiO2 105 min; S2 = C–N–TiO2

120 min and S3 = C–N–TiO2 135 min).

The results in Table 4 and Figure 7a,b showed that C–N–TiO2 catalysts S1 had a band gap of
2.67 eV, smaller than 3.10 and 3.17 eV obtained for S2 and S3 when pyrolysis time was increased to



Catalysts 2020, 10, 847 14 of 27

120 min and 135 min. The UV-Vis wavelengths (from Figure 7a) showed that S0 absorbed at 408 nm
and S1 in the visible region at approximately 462 nm; S2 and S3 absorbed in the UV region at 393 and
333 nm, respectively.

The slight decrease of wavelength and small increase of the computed band gap of the C–N–TiO2

nano catalysts obtained after longer pyrolysis time was correlated with the amount of C and N
remaining after evaporation during the pyrolysis process as confirmed by FTIR and TGA analysis.
All C–N–TiO2 nano catalysts presented band gap values smaller than the one of S0 (3.2 eV) as presented
in Table 4 and highlighted by Carp et al. [45], Li et al. [46] and Gilmour and Ray [47].

The reduction of the typical TiO2 band gap from 3.2 eV to 2.67 eV after 105 min of pyrolysis was
likely due to the presence of oxygen vacancies that acted like electron-donors in the valence band of
the photo catalyst and hence accumulating more layers (microstates) with new electronic properties
which further reduced its energy absorption gap [15,48].

In this study, concentrations of PAN and NH4NO3 precursors of C and N were kept constant
during synthesis of C–N–TiO2 co-doped nano catalyst. The increase of the band gap from 2.67 to 3.10
and 3.17 eV when increasing pyrolysis time suggested that the stability of C and N upon and inTiO2

structural lattice depended on the degree of volatilisation of these two substituents as previously shown
by FTIR. This inferred that the engineered C–N–TiO2 nano particles are stable at a specific pyrolysis
holding time; an increase of holding time may lead to changes in their band gap, recombination rate of
electron hole pairs, morphology, and particle size as early reported by Tijani et al. [49].

Thus, to achieve the maximum desired catalytic properties, of the C–N–TiO2-based materials via
the sol-gel pyrolysis protocol, one should optimise and carefully control the holding time during the
pyrolysis process. To our knowledge, most of the studies published in the literature have not observed
this condition when using PAN as a C precursor.

2.10. Particles Size Distribution of TiO2 Degussa and the Synthesised C–N–TiO2 Nano Composites

The TEM morphologies of TiO2 Degussa and the synthesised C–N–TiO2 nano catalysts earlier
presented in Figure 6a,d,g,j were further used to determine the particle size distribution of the catalysts
shown in Figure 7c–f using ImageJ Java-based software (developed by Wayne Rasband (retired from
the National Institutes of Health and the Laboratory for Optical and Computational Instrumentation
(LOCI, University of Wisconsin, Madison, WI, USA).

The TEM size distribution normalised results of the Degussa catalyst presented in Figure 7c show
that the particle size distribution of TiO2 of Degussa P25 varied between 5 and 40 nm and the most
abundant TiO2 particle sizes were between 10 and 25 nm which is in conformity with XRD results.

All synthesised C–N–TiO2 specimens were in the nano scale and had smaller crystallite sizes
than TiO2 Degussa. As shown in Figure 7d–f, among the nano catalysts synthesised in this study,
the granular S1 had the smallest particle size range of 5 to 6 nm. Apart from being in nanotube shapes,
and agglomerated forms, compared to S2 and S3 obtained after longer pyrolysis time (as shown by SEM
analysis), their most abundant particle size ranged consistently in the 6–8 nm interval. These results
confirmed that the size of C–N–TiO2 doped nano catalysts increased slightly with an increase in the
pyrolysis time.

2.11. Effect of Pyrolysis Holding Time of C–N–TiO2 Nano Catalysts on Photocatalytic Decolouration of Orange
II Dye

The photo catalytic activity of Degussa TiO2 (S0) and the synthesised C–N–TiO2 nano catalysts
was investigated upon the decolouration of O.II sodium salt dye under solar and UV light at the
applied conditions and the results are presented in Figure 8.
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pyrolysed at 350 ◦C under N2 gas using 50 ◦C/min ramping rate for different holding times (S0 = with
Degussa TiO2; S1 = C–N–TiO2 105 min; S2 = C–N–TiO2 120 min and S3 = C–N–TiO2 135 min).
(a,b) kinetics decay and decolouration efficiency of O.II dye in the dark and in solar light correspondingly.
(c) and (d) kinetics decay and decolouration efficiency of O.II dye in the dark and in UV light, respectively.
Experimental conditions O.II concentration 5 mg/L, volume 500 mL, pH 2.5, catalyst dosage 0.08 g and
irradiation time of 150 min. The error bar was extracted from the standard error resulting from two
photo catalytic measurements performed with each catalyst (n = 2).

The duplicated photo catalysis results presented in Figure 8 show that all C–N–TiO2 nano catalysts
were photo catalytically active under solar and UV light and the best photocatalytic decolouration
of O.II was achieved with S1 in both solar and UV light followed by S2 and S3. The pure TiO2

Degussa showed higher removal rate under solar light compared to C–N–TiO2 nano composites due
to titanium carbides entities that are assumed to have formed. Since both solar and UV light were
used, the improvement of catalysts performance in UV light could be ascribed to the decrease of charge
recombination rate (detailed in discussion section). The carbon residues that glued crystals together
did not negatively affect S1 catalyst activity by much compared to the Degussa (S1).

In Figure 8a, the photo catalytic results under solar light show that after 150 min of irradiation,
the C–N–TiO2 105 min achieved enhanced activity of 85% compared to 67.9% or 56% decolouration
rates that were reached with 120 min and 135 min C–N–TiO2 nano catalysts, correspondingly. This is
in accordance with the band gap values earlier recorded in Table 4 which showed that higher dye
removal is achieved with catalysts with low band gap and hence compliments the highlights/findings
of Jinghong Li and Jin Z. Zhang [50]. This further demonstrated that alteration of calcination holding
time results in band gap tailoring which, in turn, affects photo catalytic activity of the nano materials.

On the other hand, the highest photo catalytic decolouration of O.II 97% in Figure 8b achieved
with S0 after 150 min of illumination under solar light may be due to the inhibition of C–N–TiO2 active
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sites by Ti–C as revealed by XPS. This consequently may have decelerated the activity of the C–N–TiO2

catalysts upon increased pyrolysis holding time compared to TiO2 Degussa.
Figure 8b shows that the sol-gel synthesised C–N–TiO2 nano composites were also active under

UV light, with S1 showing an improved activity of 79% followed by 41% or 27% achieved after 150 min
of UV exposure with S2 and S3, respectively. This was attributed to a retarded electron recombination
rate that resulted from the microstates created via incorporation of C and N in TiO2 bulk [51]. However,
the overall removal rates under UV light were less than those achieved with solar light, probably
because the UV lamp (UV-C) used in this study had low power (18 W) and, hence, reduced intensity.

On the other hand, lower removal percentages of O.II dye achieved with high band gap catalysts
could be assigned to poor promotion of excited electrons from the valence band (VB) to the conductive
band (CB) and a rapid electron–hole pair recombination rate of the semi-conductor which, in return,
retarded the oxidation and reduction reactions occurring on VB and CB energy levels [52]. Indeed,
the oxidation of water molecules by the empty holes on the VB and the reduction of oxygen molecules
by highly energised electron on the CB thus contributed to the production of non-selective hydroxyl
radicals (OH·) that unselectively destroyed the pollutant [15].

Thus, higher band gaps of 3.2, 3.17 and 3.10 limited the production of OH· and co-produced
oxidants under UV light; and thus, low degradation percentages of O.II dye. The correlation of
C–N–TiO2 activity and other properties previously discussed shows that the granular C–N–TiO2 nano
composites with particle size of 5.5 nm and a band gap of 2.6 eV achieved 79% removal of O.II dye
in their mainly anatase phase and is in conformity with Palanivelu and Sun Im [16]. While lower
percentage removals of O.II were reached with C–N–TiO2 with higher particle sizes 6.3 and 6.4 nm and
band gap (3.10 and 3.17 eV).

Consequently, the amount of carbon residue, coupled with the crystal structure, the shape,
and the size of nanomaterial have an impact on their photocatalytic activity mainly through band-gap
engineering and reducing electron–hole pair recombination rate [53–56].

3. Discussion

Semiconductors such as TiO2 are characterised by a valence band (VB) and a conductive band (CB).
The VB is governed by positively charged holes while the CB is populated by negative charge carriers
(electrons). The introduction of impurities such as C and N into the Ti lattice led to the formation of
new sub energy levels mostly in the VB lattice that consequently reduced the band gap of the newly
prepared C–N–TiO2 nano catalyst according to the intrinsic and extrinsic Fermi-Dirac distribution
principal in p-type semiconductors reported by Shriver and Atkins, [57].

Initially after pyrolysis of C–N–TiO2 sol-gel for 105 min (S1) at the applied conditions, the prepared
C–N–TiO2 had a band gap of 2.6 eV. The thermally excited electrons within VB of the S1 nano catalyst
created holes (h+) in the latter while the remaining electrons were mobile and stored in the acceptor
gap. The trapping of thermally excited electrons of VB in the acceptor gap led not only to the upward
enlargement/stretching of the C–N–TiO2 VB, but prevented the relaxation of the free electrons to their
empty holes within the VB. This, therefore, resulted in the shrinking of the C–N–TiO2 band gap to
2.67 eV corresponding to a wavelength of 462 nm characteristic of the visible region that was lower
than the 3.2 eV band gap of commercial TiO2 Degussa reported by Carp et al. [45] and Gilmour and
Ray [47].

On the other hand, the increase of pyrolysis holding time to 120 min or 135 min accelerated the
evaporation of C and N which consequently resulted in the relaxation of trapped electrons and hence
to the decrease of the acceptor gap and the reduction of C–N–TiO2 VB that subsequently caused a slight
increase of the C–N–TiO2 band gap to 3.1 and 3.17 eV, respectively to 393 nm and 333 nm characteristics
of the UV range (Schematically shown in Figure 9).
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These findings are in accordance with Shriver and Atkins, [57] and Mu et al. [58] who claimed
that decreasing concentration of impurities may result in band gap increase with high energy that
may reduce the photocatalytic activity of the nano catalyst. Their statement is in conformity with
the TEM-EDS percentage abundance of C and N disclosed in Table 3 that decreased from 72 to 40%
and from 7.1 to 3.63%, respectively when the pyrolysis holding time was increased from 105 to
135 min, correspondingly.

This was further supported by the functional groups such as C=O, N=O, etc. depicted by FIIR
in Table 2 and the mass loss% dictated by TGA in Figure 2. Furthermore, the SAED data in Figure 6
showed that the synthesised C–N–TiO2 catalysts have dominant anatase and minimal rutile phases
present in the crystal structure that were earlier confirmed by XRD and Raman analysis in Figure 1.
The decrease in carbon and nitrogen content was probably due to the diffusion of C and N toward the
surface of the nanocomposites which later formed gases or volatile degradation by-products as PAN
decomposed during the pyrolysis process according to Darányi Mária et al. [33]. A few authors [59,60]
suggested that the relaxation and evaporation of non-metals such as C and N in TiO2 lattice similarly
observed in the current study could be prevented or minimized by extended co-doping of the C–N–TiO2

with transition metals, such as nobidium (Nb) and Thallium (Ta), to achieve stable co-dope TiO2 based
catalysts with reduced energy gap, improved optical absorption and enhanced carrier mobility.

Thus, altering the pyrolysis holding time allows control of the amount of C and N around and in
the TiO2 lattice framework. This resulted not only in band gap tailoring but also may have retarded
the relaxation of the free electrons stored in the acceptor gap to their empty holes created within the
VB of C–N–TiO2 lattice [31,32]. It is worthwhile to mention that these electron motions occurred in
microstates within the valence band of the C–N–TiO2 catalysts when pyrolysis holding time was being
tuned before photo catalytic applications and hence justifies the changes in catalysts band gap observed
in Figures 7b and 9. In order to test (the exclusion of) this hypothesis further, photocatalytic experiments
were conducted under solar and UV light, which showed the effect of charge recombination rates
between VB and CB of the catalysts (Figure 10) rather than band gap tailoring.
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Furthermore, despites the various motivations highlighted above, it could still be stated that the
reason behind the reduction of the band gap is unclear; C and N may have entered the crystal structure
and acted as dopants, i.e., replacing partially O2− or Ti4+. However, this would imply one or more
mechanisms for charge balancing, in order to maintain the overall neutral charge of the compound.
The charge is not altered if C4+ partially replaces Ti4+ but the nature of the N substitution is less
straightforward. If N enters the structure as anion, N3−, then it would partially replace the O2− anion
causing a charge imbalance. Potentially, the charge compensation mechanism to re-balance this excess
of negative charge could be the formation of anion vacancies. It would be these anion vacancies that
form the acceptor additional bands to which the shrinking of the band gap could be attributed, due to
the presence of Ti3+ for charge balancing. This hypothesis was verified by XPS analysis that confirmed
the presence of Ti3+ deriving mostly from the reduction of Ti4+. Alternatively, the C and N species
only form functional groups on the surface of the nanoparticles as a consequence of C and N diffusion
during pyrolysis of PAN, perhaps replacing oxide anions to form bonding systems, such as Ti–C and
Ti–N, and causing, again, anion vacancies, which influenced the band gap. This scenario is more in
agreement with the FTIR and XPS results. Furthermore, the relatively low temperature at which the
pyrolysis process was carried out is not conducive to cation or even anion substitution in a stable
compound such as TiO2.

The fact that C–N–TiO2 nano composites were active under both solar and UV light at a
reduced band gap suggested that the electron–hole pair’s recombination rate was slowed down
as described in Figure 10. This might have contributed to a significant storage of electrons in the
conduction band (CB) and creation of more vacant holes in the valence band (VB) and consequently
increased the concentration of OH· and related species that decolourised the polluted water [61].
Therefore, the retarded electron–hole recombination process was the driving force behind the improved
O.II degradation.

Indeed, during the photocatalytic irradiation process, the electrons stored in the CB, were largely
involved in reduction of O2 to superoxide anions producing free radicals OH· and related oxidants
that effectively attacked O.II pollutant [62]. On the other hand, the oxidation of H2O/OH− acid-base
conjugate system by the positive empty holes on the VB contributed to boosting the amount of OH· in
the contaminated water and quickly induced the fading of O.II dye [54,55].

Apart from excitation intensities, electrical potential and electrolyte composition aspects that
Haque et al. [63] claimed to affect the electron–hole pairs (e–h) recombination process, the deceleration
of electron–hole recombination rate of C–N–TiO2 synthesised in this investigation was certainly due to
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transitions such as the Shockley-Read-Hall Model (SRH model) recombination (R2) and the Auger
recombination (R3). These mechanisms might have retarded the principal band to band recombination
process (R1) that consequently led to the proliferation of charge carriers (electrons and positive empty
holes) in the CB and VB, respectively [52]. These consequently empowered the generation of a
significant number of free radicals in the polluted water and hence enhanced the decolouration of
O.II dye.

Moreover, the slowing of (e–h) recombination rate could also be ascribed to the intrinsic electron
transitions (λ1 and λ2) occurring when accumulated electrons preferentially migrated from the CB to
the nearest vacant p orbitals of C and N dopants fused in TiO2 matrix [64] as shown in Figure 10. In this
regard, λ1 and λ2 decelerated the completion of band to band (λ3) transition in the VB, resulting in the
generation of more charge carriers and hence increased the concentration of free active species from the
oxidation and reduction processes occurring in both VB and CB bands, respectively. This consequently
advanced the oxidative removal of O.II dye.

Thus, the high photo catalytic removal of O.II achieved with S1 under solar and UV-light,
demonstrated that C–N–TiO2 nano catalysts had a high electron storing capacity and a reduced/low
recombination rate. The outcomes of this work showed that combining TiO2 with high amounts of
non-metal C and N residues through pyrolysis of PAN and NH4NO3 resulted in a highly active catalyst
with a reduced band gap 2.67 eV and a low electron–hole pair recombination rate that can be used
under solar and artificial (UV) light [21,22].

In this process, while PAN as the source of carbon and nitrogen was reported to decompose to
various monomers and other species such as HCN, NH3, H2O and CO2 [29]; NH4NO3, on the other
hand, likely decomposed to nitrous oxides [30,65] that were evident from the FTIR results.

The systematic alteration of pyrolysis holding time allowed control of the amount of C and N
upon and around TiO2 and resulted in the fabrication of carbon- and nitrogen-rich catalysts with a
tuneable band gap and low electron–hole pair recombination rate and tuneable band gap that can be
used under both solar and UV light. So, the exposure of the as-prepared C–N–TiO2 nano catalysts
under solar light boosted the decolouration of the textile dye much more rapidly than in UV light
as shown in Figure 8. In this regard, we believe that various aspects including solar and UV light
intensity/power need to be considered in photo catalysis experiments. Another aspect impeding the
activity of C–N–TiO2 nano composites was the appearance of titanium carbides (Ti–C) on the surface
of the catalysts as a result of C diffusion from the bulk to the surface of the catalyst during pyrolysis of
PAN when increasing calcination time from 105, 120 to 135 min.

Moreover, the treatment time of 150 min could have been short/limited to reach completion
of catalytic activity. This could also be observed from Figure 8a–c in which extrapolation of O.II
degradation graphs to about two more hours could reach its complete decolouration. This could be
considered as future task of this study.

Since we proved that the sol-gel/pyrolysis synthesised nano composites were active under
both solar and UV light, this hence demonstrates its application in various areas of environmental
remediation such as water and wastewater purification and solar cell technologies.

Furthermore, for any advanced oxidation system producing UV-light, such as the dielectric barrier
discharge system [20,66–70], the synthesised C–N–TiO2 is best used to improve the efficiency of the
generated UV light towards the decolouration of organic dye contaminants. The sol-gel synthesis
route proposed in this work can be used as a rapid and effective technique for the fabrication of
C–N–TiO2 nano-catalyst with controlled band gap and low recombination rate of electron–hole pairs
for photocatalytic applications in both UV and visible light.

4. Materials and Methods

A magnetic stirrer Hei-Mix S-UK 230 V / 50 Hz with UK plug (purchased from Laboratory
Equipment South Africa, Athlone, Cape Town, 7760, South Africa) was used during sol-gel mixing,
ceramic crucibles, an 805 cm furnace tube made in quartz connected to a nitrogen gas inlet set at
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100 mL/min were used to pyrolyse in N2 the C–N–TiO2-doped photo catalyst. The illumination
sources were stimulated solar light (AM 1.5 radiation, 100 mW/cm2) obtained from a solar simulator
(Sciencetech SS1.6 kW, London, ON, Canada) for photo degradation. A LUX meter (ISO-TECH ISM
410) was used to determine the location that achieved the required light intensity, and a UV lamp
(Mega-Ray 160 W/240 V MR160 SPL11/14 from Kimix, Airport Industria, Cape Town, South Africa)
and the photo catalytic setup shown in Figure 1 were used to perform the photo catalysis experiments
elaborated in this study. The chemicals used were polyacrylonitrile (PAN) powder (99.5%, Good fellow
Cambridge Ltd., Cambridge, UK); titanium tetrachloride (MW 189.68 g/mol, Sigma–Aldrich, Cape Town,
South Africa); titanium (IV) oxide (powder), Degussa (99.5%, Sigma–Aldrich); N,N-dimethyl formamide
(DMF) 99%, Industrial Analytical (Pty), Cape Town South Africa); ammonium nitrate, ACS (95%,
Industrial Analytical (Pty), Cape Town South Africa); sulfuric acid (98%, Kimix Airport Industria,
Cape Town, South Africa ); sodium hydroxide flakes CP (97%, Kimix RSA) and orange II sodium
salt (85%, Sigma–Aldrich, Cape Town, South Africa) were used for the synthesis of carbon–nitrogen
co-doped catalysts (C–N–TiO2) and applied in the photocatalytic degradation of orange II dye under
UV illumination.

4.1. Preparation of 5% Ammonium Nitrate Solution

Approximately 5 g of 95% granular NH4NO3 was weighed and dissolved in a 100 mL volumetric
flask and made up to the mark with distilled water. The prepared 5% NH4NO3 was stored for
further experiments.

4.2. Preparation of C–N–TiO2 Sol-Gel and Pyrolysis Protocol

Eight grams of PAN powder were weighed and mixed with 100 mL of 99% DMF in a 200 mL
capped borosilicate glass bottle and stirred for 24 h at room temperature to dissolve it. Approximately
3 mL of 98% concentrated TiCl4 was added dropwise into the prepared 8% PAN/DMF mixture and
stirred in a fume hood until the white HCl fumes disappeared from the resultant sol-gel. Moreover,
3 mL of 5% NH4NO3 was added dropwise into the C–TiO2 sol-gel obtained and stirred for 15 to 30 min
until the colour of the mixture slightly changed from brownish to yellow–brownish. Ceramic sample
holders cleaned with acetone and ethanol, followed by distilled water, were dried in an oven at 25 ◦C
for 15 min and cooled. Thereafter, 5 to 10 mL of the prepared C–N–TiO2 gel was introduced into the
washed sample holders and heated in a furnace using a ramping rate of 50 ◦C/min under a nitrogen gas
flow of 20 mL/min and annealed for different pyrolysis holding times of 105 min, 120 min or 135 min
at 350 ◦C, respectively, according to methods developed by Totito [71]. The prepared catalysts were
ground in a mortar and pestle until a fine powder was obtained which was used for characterisation
and photo catalytic applications.

In the following the samples were noted as: S0—TiO2 Degussa; S1—C–N–TiO2 105 min;
S2—C–N–TiO2 120 min and S3—C–N–TiO2 135 min.

4.3. Characterisation of Powdered C–N–TiO2 Photo Catalyst

Various techniques were used for the characterisation of powder C–N–TiO2 nano catalysts.
The phase composition of the samples (C–N–TiO2 powder) was investigated by X-ray diffraction (XRD)
using a Smart Lab diffractometer (Rigaku), with a CuKα radiation (λ = 0.15405 nm). The XRD patterns
were obtained in a 2θ range of 20◦ to 100◦, at a step size of 0.02◦.

A scanning electron microscope (SEM) (FEI Nova NanoSEM 230 SEM manufactured by the FEI
factory in Poland that was recently tasken over by Thermo Fisher Waltham, Waltham, MA, USA)
coupled with an energy-dispersive X-ray spectrometer (EDS) was used for the surface morphology
and elemental composition investigation. Images of the surface morphology for each specimen were
recorded at both 30× and 100×magnification. The EDS was obtained using an Oxford instruments
(X-Max 20 mm2 detector, using Oxford INCA software manufactured by Oxford Instruments, Oxford,



Catalysts 2020, 10, 847 21 of 27

UK). The identification of carbon, nitrogen and titanium distribution in the C–N–TiO2 samples and
mapping elemental images was acquired in different areas of the sample surface.

The thermal gravimetric (TGA) was used to evaluate the mass loss percentage of the synthesised
co-doped C–N–TiO2 catalysts; hence showing the effect of pyrolysis and degradation of the carbon
source (PAN) using a PerkinElmer Thermo gravimetric analyser TGA 4000 (purchased from PerkinElmer,
Inc. 940 Winter Street Waltham, MA 02451, USA).

The analysis was performed in the temperature range of 0 to 850 ◦C in N2 gas. After 2 h,
the results obtained were collected from the PC and plotted using excel software. The graphs of weight
(mg)/weight percentage versus temperature (◦C) were obtained.

The various vibration bands of different functional groups were identified by Fourier transform
infrared spectroscopy (FTIR) using a Perkin Elmer spectrum 100 FTIR spectrometer set in the range
of 4000–380 cm−1. After the desired background was measured, the baseline was corrected and the
spectra were smoothened.

Electron energy-loss spectroscopy (EELS) and X-ray photoluminescence spectroscopy (XPS)
analysis were carried out to verify the chemical states/bonding and surface composition of C–N–TiO2

nano materials after pyrolysis.
X-ray photoelectron spectroscopy (XPS) spectra were carried out using multiprobe photoelectron

spectroscopy (Omicron Nanotechnology, Taunusstein, Germany). A monochromatic Al Kα radiation
(hν = 1486.6 eV) of source voltage 15 kV and an emission current of 20 mA was employed for
measurement. All scans were done at a base pressure of ~2 × 10−8 Pa. The composition of the sample
was extracted from the wide scan (survey scan), while the individual element peaks (high resolution
scan) were recorded at a constant analyser transmission energy of 20 eV. As charging effects are
unavoidable in an XPS study of non-conducting samples, charge compensation was performed by
flooding of electron from neutralizer electron gun. The obtained XPS spectra were deconvoluted to
individual components using Gaussian Lorentzian function in Casa XPS software (Casa Software Ltd.,
Terrace Teignmouth, TQ148NE, UK). The binding energies were calibrated with respect to adventitious
hydrocarbon C 1s feature at 284.6 eV.

In these processes, Degussa TiO2 powder was used as control and for comparison purposes.
The band gap of the catalysts was calculated using the Equations (2)–(5) from

Kubelka–Munk theory.

A = log
( 1

R

)
(2)

K =
(1−R)2

2 R
(3)

E(eV) =
hυ
λ

(4)

υ =
c
λ

(5)

where A is the absorbance of the sample converted to scattering coefficient (diffusion reflectance) (R);
K is the adsorption coefficient, h = 6.626 × 10−34 m3

·kg/s Planck’s constant, c = 2.997 × 108 m/s the
speed of light and λ (nm) the wavelength at the corresponding sample absorbance.

The TEM micrographs were imaged using a Tecnai G squared 20 (Tecnai G220) field-emission
TEM operated at 200 kV in bright-field mode, whereas all EDS data analysed during TEM studies were
collected with a EDAX liquid nitrogen cooled lithium doped silicon detector. All EELS spectra were
recorded with a Gatan GIF-2001 energy filter attached to the Tecnai G220 TEM; each spectrum was
collected over 20 to 50 frames, each timed at 5 ms to limit electron beam radiation damage. In addition,
to remove plural electron scattering and contribution from low energy plasmons, each spectrum was
deconvoluted with the standard Log–Fourier iterative process (build into the Gatan Digital Micrograph
Suite) and background subtracted using a power law function. Selected area electron diffraction
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(SAED) patterns of small clusters of nano-catalysts were collected using a 1 µm diameter selected area
aperture in parallel beam mode.

4.4. Photo Catalytic Irradiation of Orange II Dye

The activity of the photo catalysts pyrolysed at 350 ◦C for 105 min (S1), 120 min (S2) or 135 min
(S3) was evaluated and compared with Degussa P25 using the photo catalysis procedure described in
Figure 11.

Catalysts 2020, 10, x FOR PEER REVIEW 23 of 28 

 

4.4. Photo Catalytic Irradiation of Orange II Dye 

The activity of the photo catalysts pyrolysed at 350 °C for 105 min (S1), 120 min (S2) or 135 min 
(S3) was evaluated and compared with Degussa P25 using the photo catalysis procedure described 
in Figure 11.  

Approximately, 500 mL of 5 mg/L orange II solution at pH 2.5 was introduced in a 1000 mL 
vessel in which 0.08 g of ground powder S1, S2 and S3 catalysts were added. The pH of 2.5 was 
chosen based on previous research outcomes supporting that azo dyes degrade well in acidic 
medium [72–74].  

The vessel was placed in a photocatalytic system around which ice was packed to maintain 
consistent low temperature. This vessel was positioned on a magnetic stirrer. While stirring at 200 
revolutions per minute (rpm), orange II dye solution was irradiated for 150 min with solar or UV 
light positioned at 10 cm above the 400 mL dye solution in the vessel. The solution was sampled 
every 30 min, and the samples were analysed using a GBC UV/VIS 920 spectrometer in the range of 
200 to 800 nm. The quartz Suprasil cuvettes and deionised water were utilised to define the 
absorbance of O.II samples recorded at 284 nm.  

The unknown concentrations of orange II solution were determined using the linear trend y = 
0.069x obtained from standard concentrations of O.II versus absorbance, which was further used to 
calculate the degradation efficiency D of orange II dye using Equation (6). The synthesised catalyst 
was used under solar or UV light to validate the efficiency of the photo catalyst under both solar or 
UV light as in the AOPs reported by Tijani et al. [49]. 𝐷 (%)  =  𝐴𝑜 −  𝐴𝑡𝐴𝑜 ൨  ൈ  100 (6) 

where Ao represents orange II initial absorbance and At, the absorbance of the dye at time t. 

 
Figure 11. Photo catalysis set up for the degradation of orange II dye. 

5. Conclusions 

A C and N co-doped TiO2 photo catalyst was prepared via sol-gel and pyrolysis method and 
found to be highly active in visible and UV light. Then the influence of pyrolysis holding times on its 
physicochemical properties and catalytic performance was investigated in detail. The C–N–TiO2 was 
pyrolysed using a ramping rate of 50 °C/min and held at 350 °C for different times of 105, 120 and 
135 min. This study showed for the first time that pyrolysis holding time has an effect on carbon, 
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Approximately, 500 mL of 5 mg/L orange II solution at pH 2.5 was introduced in a 1000 mL vessel
in which 0.08 g of ground powder S1, S2 and S3 catalysts were added. The pH of 2.5 was chosen based
on previous research outcomes supporting that azo dyes degrade well in acidic medium [72–74].

The vessel was placed in a photocatalytic system around which ice was packed to maintain
consistent low temperature. This vessel was positioned on a magnetic stirrer. While stirring at
200 revolutions per minute (rpm), orange II dye solution was irradiated for 150 min with solar or UV
light positioned at 10 cm above the 400 mL dye solution in the vessel. The solution was sampled every
30 min, and the samples were analysed using a GBC UV/VIS 920 spectrometer in the range of 200 to
800 nm. The quartz Suprasil cuvettes and deionised water were utilised to define the absorbance of
O.II samples recorded at 284 nm.

The unknown concentrations of orange II solution were determined using the linear trend
y = 0.069x obtained from standard concentrations of O.II versus absorbance, which was further used
to calculate the degradation efficiency D of orange II dye using Equation (6). The synthesised catalyst
was used under solar or UV light to validate the efficiency of the photo catalyst under both solar or UV
light as in the AOPs reported by Tijani et al. [49].

D (%) =
[Ao −At

Ao

]
× 100 (6)

where Ao represents orange II initial absorbance and At, the absorbance of the dye at time t.
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5. Conclusions

A C and N co-doped TiO2 photo catalyst was prepared via sol-gel and pyrolysis method and
found to be highly active in visible and UV light. Then the influence of pyrolysis holding times on its
physicochemical properties and catalytic performance was investigated in detail. The C–N–TiO2 was
pyrolysed using a ramping rate of 50 ◦C/min and held at 350 ◦C for different times of 105, 120 and
135 min. This study showed for the first time that pyrolysis holding time has an effect on carbon,
nitrogen and TiO2 content as well as the band gap, shape and particle size and, thus, upon the
photocatalytic activity of the prepared photo catalysts.

Carbon and nitrogen residues were present in substantial quantities upon the TiO2 matrix.
When increasing pyrolysis time beyond 105 min, the C and N content was reduced through thermal
evaporation of gases and their benefit was lost, as seen by the photocatalytic activity which decreased.
Changes in C/N content were evidenced by FTIR and EDS results as well as by TGA and XPS.
The C–N–TiO2 band gap estimated at 2.67 eV after 105 min pyrolysis increased to 3.10 and 3.17 eV
when pyrolysis time increased to 120 or 135 min, respectively.

The synthesised C–N–TiO2 nano-photo catalysts pyrolysed for 105 min showed excellent
photocatalytic activity when solar or UV irradiation was applied as a consequence of reduced
band gap or electron–hole pair recombination rate, respectively. Hence this fabricated C–N–TiO2 can
be used under solar light or in any system generating UV light to enhance the production of free
radicals and hence improve the degradation of organic pollutants.
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