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ABSTRACT: Visible light-active carbon-loaded anatase TiO2 (C-TiO2) nanocrystals of spherical, distorted spherical, rice grain and hexagonal morphologies,
with a particle size range of 50−70 nm, have been synthesized by a rapid
microwave-assisted route in the solution state. The morphology of these materials
is greatly tuned at low concentrations of the precursors used. The absorption band
gaps (Egap) are shifted to the visible region due to C loading, and the distorted
spherical C-TiO2 exhibits a maximum energy shift relative to pure TiO2. Carbon
gets deposited predominantly on the surface as graphitic carbon, in the preparative
conditions, as conﬁrmed by X-ray photoelectron, scanning electron microscopy
elemental mapping and Raman spectroscopic studies. The rapid degradation of an
endocrine disrupting agent and a persistent pollutant in wastewater,
carbamazepine, by the rice grain shaped C-TiO2 is attributed to the large surface
area (229 m2/g) of the particles and coexposure of the high surface energy and
more reactive {001} facets along with the low energy and thermodynamically stable {101} facets.
KEYWORDS: Carbon loaded TiO2, Microwave synthesis, Morphology control, Photocatalysis, Water pollution, Carbamazepine
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cationic (Ti) sites, according to a theoretical study.13
Experimental evidence are inadequate to precisely describe
the type of incorporation.14 One can achieve such understanding by making precise carbon environments including
doping in the lattice, inclusion in the interstitial positions or
deposition on the surface.14,15 Through a density functional
theory-based study, it was shown that C@O reduced Egap of
anatase TiO2 by a small magnitude (0.08 eV) and also
generated gap states that were C 2p in character.13 In the band
structure, these dopant states were found to be positioned
between the valence and conduction bands of undoped TiO2,
based on which the shifts in optical absorption edge in C@O
doped bulk TiO2 and TiO2 nanotubes could be understood. In
comparison, C@Ti caused C 2s states to arise just below the
original conduction band, so that the calculated Egap was
decreased to a value of 2.85 eV (compared to 3.2 eV of
undoped anatase TiO2) corresponding to the visible region.
Complete removal of pharmaceutically active compounds
(PhACs) from an aquatic environment and drinking water is a
major challenge today.16 PhACs are found at an alarming rate
in drinking water supplies around the world.17 Although many
advanced oxidation processes have been tested for the removal
of PhACs,18 semiconductor photocatalysis using TiO2 is
particularly attractive due to its higher pollutant removal

INTRODUCTION
Diverse morphological changes in semiconductor nanomaterials can be used for tuning their shape-dependent physical
properties, which are consequently useful in applications, for
instance, in photocatalysis. Titanium dioxide (TiO2) is a
popular photocatalytic material that has been utilized for a
variety of applications.1,2 Both theoretical and experimental
studies have proven that the anatase phase of TiO2 is better for
photocatalysis than its rutile phase, due to the fast electron−
hole recombination and lower surface activity in the latter. But,
the large band gap (Egap = 3.2 eV) of antase TiO2 makes it
active only in the UV region. Thus, several attempts have been
made to shift the Egap to the visible region.3,4
Doping is a strategy that is often employed for band gap
engineering. It is well accepted that doped titania materials with
their long-term stabilities and reduced Egap values will ﬁnd
applications in solar light technologies.5,6 In this regard,
research is primarily focused on employing nonmetals as
dopants.7,8 Doping with carbon (C) and nitrogen (N) has
attracted signiﬁcant attention due to a reduction in potential
traps for electron/hole recombination, in comparison with the
metal dopants.9−11 However, the photocatalytic eﬃciency of Cdoped TiO2 (C-TiO2) under visible light is still low.12 Doping
of the TiO2 lattice by C can take place either by substitution of
Ti (C@Ti) or by substitution of oxygen (C@O). The
corresponding lattice environments can be represented as C−
O−Ti−O and Ti−C−Ti−O, respectively. Carbon incorporation on TiO2 can happen either at anionic (oxygen) or
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eﬃciency, low cost, easy availability, nontoxicity, and easily
modiﬁable properties.19 Carbamazepine (CBZ), a common
antiepileptic drug, is a persistent pollutant in wastewater. In a
recent work, a sol−gel N-doped TiO2 catalyst surface was
reported to have shown enhancement in the photocatalytic
removal eﬃciency of CBZ in visible light with increasing pH
between 5 and 9.20 For water spiked with 1 mg/L CBZ, a 45−
70% CBZ removal was achieved within this pH range.
Increasing alkalinity and natural organic matter was found to
cause a signiﬁcant reduction in CBZ removal capacity of the
catalyst. The photocatalytic degradation eﬃciency also strongly
decreased when using surface water and wastewater eﬄuents as
water sources.
Generally, eﬃciency of photocatalysis depends mainly on the
surface area and the exposed planes, i.e., surface morphology of
the catalyst. Average surface energies of the diﬀerent facets of
anatase TiO2 predicted from theoretical calculations are as
follows: {110} (1.09 J/m2) > {001} (0.90 J/m2) > {100} (0.53
J/m2) > {101} (0.44 J/m2).21 Thus, extensive research is
currently focused on the exposure of high surface energy facets
of TiO 2 , as these will have much higher chemical
reactivity.22−24 This lead to implications in photocatalysisbased environmental cleanup, water splitting hydrogen
generation and solar energy as well as Li-ion batteries.25
In this work, C-TiO2 was synthesized by a rapid technique
for visible light photocatalytic applications. By changing the
concentrations, in dilute conditions of the reactants, various
morphologies, namely, spherical, distorted spherical, rice grain,
and hexagonal shapes, were obtained. The photocatalytic
activities of these morphologies of C-TiO2 nanocrystals
(NCs) toward CBZ were tested in the visible region, employing
certain key parameters derived from the response surface
methodology26 for optimal removal eﬃciency.
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Table 1. Eﬀect of Variation of Concentrations of TOAA,
NH4F, and H2O2, Keeping All Other Conditionsa Fixed, on
TiO2 Morphology and Phase
sample
code

TOAA
(mM)

NH4F
(mM)

H2O2
(mM)

CT-1
CT-2

10
10

10
20

10
10

CT-3

10

10

0

CT-4
CT-5

10
10

60
100

10
10

CT-6
CT-7
CT-8
CT-9
CT-10
CT-11

10
10
10
5
5
5

10
10
10
10
10
10

5
15
2.5
10
5
2.5

CT-12
CT-21
CT-22

5
30
30

10
10
15

15
10
10

morphology
spherical
distorted
spherical
no speciﬁc
morphology
spherical
no speciﬁc
morphology
hexagonal
elongated oval
spherical
rice grain
spherical
no speciﬁc
morphology
spherical
spherical
spherical

crystalline
phase
anatase
anatase
anatase
anatase
anatase
anatase
anatase
anatase
anatase
anatase
anatase
anatase
anatase
anatase

Conditions: volume, 80%; temperature, 150 °C; time, 30 min; power,
400 W.
a

1253.6 eV). The microwave digestion was done using the CEM Mars 5
microwave digester. The photocatalytic sample was analyzed by high
performance liquid chromatography (HPLC) (Dionex, Ultimate
3000). The total organic carbon (TOC) content was measured
utilizing the TOC analyzer, Shimadzu, Japan.
Photocatalytic Reaction. In a preceding study,27 we have
optimized the following parameters: catalyst concentration, pollutant
concentration, light intensity, and time of reaction, for the degradation
of CBZ by spherical C-TiO2, utilizing visible light. To this end, 29
experiments were conducted and the system parameters were
determined for optimal CBZ removal eﬃciency for all the C-TiO2
morphologies presented herein.
For examining the photocatalytic removal of CBZ, each C-TiO2
catalyst was suspended in CBZ solution of a desired concentration.
Prior to irradiation, the solution was kept in the dark for 45 min to
attain adsorption equilibrium (see the Supporting Information, Figure
S1). Photocatalytic batch experiments were conducted in a cylindrical
photochemical reactor of 400 mL volume, with a water circulation
arrangement for maintaining the temperature between 25 and 30 °C.
A 150 W high-pressure tungsten visible lamp (λ > 400 nm) was used
for irradiation. Constant stirring with an oxygen ﬂow rate of 300 mL/
min was maintained throughout the experiment. Stock solution of the
pollutant was prepared using ultrapure Millipore water. All
intermediate samples were collected at regular intervals of time and
analyzed using HPLC.

EXPERIMENTAL SECTION

Sample Preparation. In a typical synthesis, a solution of 10 mM
titaniumoxyacetylacetonate (TOAA) and 10 mM NH4F was prepared
in 50 mL of water. To the above solution was added 20 mg of glucose
and then 10 mL of H2O2. The resultant mixture was stirred for 10 min
and then subjected to microwave digestion. The as-synthesized
materials were centrifuged, washed with water and methanol, and
dried in an oven at 80 °C for 3 h. To remove the excess glucose, the
as-synthesized samples were annealed at 350 °C for 2 h in a nitrogen
atmosphere.
A number of solutions were prepared using diﬀerent combinations
of temperature, precursor concentration, reaction time, and volume of
the microwave vessel. To understand the eﬀect of these parameters
individually, each was varied while keeping the other conditions
constant. Table 1 lists the samples synthesized by using diﬀerent
concentrations of TOAA, NH4F, and H2O2 under the same conditions
of 80% volume of the Teﬂon vessel, 150 °C reaction temperature for
30 min and 400 W power. TiO2 systems produced from variation of
other parameters are listed in the Supporting Information, Tables S1−
S3 along with the reaction conditions for each set.
Characterization. Powder X-ray diﬀraction (XRD) measurements
were carried out using Bruker Discover D8 diﬀractometer with default
background correction. Raman measurements were recorded using a
WiTec GmbH, CRM αS300 instrument with 532 nm Nd:YAG laser
line as an excitation source. High-resolution scanning electron
microscopy (HRSEM) images were taken using a FEI Quanta FEG
200 with an EDS detector. High-resolution transmission electron
microscopy (HRTEM) images were taken using a JEOL 3010
HRTEM instrument. Solid-state UV−vis measurements were
performed by a Cary 5E UV−vis-NIR spectrophotometer. X-ray
photoelectron spectroscopy (XPS) was carried out with an Omicron
ESCA probe spectrometer with polychromatic Mg Kα X-rays (hv =
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RESULTS AND DISCUSSION
Tuning Morphology by Diﬀerent Parameters. More
than 20 samples (listed in Table 1 and the Supporting
Information, Tables S1−S3) were synthesized by varying the
following parameters: temperature, reaction time, precursor
concentration, and volume of the microwave vessel. The assynthesized C-TiO2 samples were subjected to SEM analysis.
Figure 1 shows SEM images of samples CT-1, CT-2, CT-6, and
CT-9. The CT-1 sample that was formed at a 1:1 ratio of
TOAA:NH4F exhibits a spherical morphology with a particle
size of ∼50 nm. However, when the ratio was changed to 1:2 by
reducing the TOAA concentration by half (keeping H2O2
volume ﬁxed as for CT-1), the morphology changed from a
spherical to rice grain shape (CT-9). At the same time, the
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Figure 1. HRSEM images of (CT-1) spherical, (CT-2) distorted spherical, (CT-6) hexagonal, and (CT-9) rice grain shaped C-TiO2 NCs.

Figure 2. HRSEM images of C-TiO2 samples prepared using diﬀerent reaction conditions by microwave digestion technique.
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particle size further decreased to less than 50 nm. TOAA:NH4F
= 1:2 was also achieved by doubling the concentration of the
NH4F compared to that used for CT-1. This caused the
morphology to change to a distorted spherical (CT-2) shape,
along with an increase in particle size. On the other hand if a
1:1 ratio of TOAA:NH4F was maintained, but the H2O2
concentration was decreased by 2-fold to 48.95 mM, an
interesting hexagonal morphology was formed (CT-6).
Elemental compositions of these four morphologies of CTiO2 are presented in the Supporting Information, Figure S2.
The morphologies of the remaining C-TiO2 samples that are
listed in Table 1 are shown in Figure 2. However, use of high
concentrations of the sources led to no speciﬁc morphology of
C-TiO2 with large particle sizes and poor shape control (see the
Supporting Information, Figure S3).
The role of H2O2 has been found to be that of a structure
directing or determining agent. No speciﬁc morphology was
observed in the absence of H2O2 and varying its concentration
greatly aﬀected the particle size. Varying the reaction time but
keeping the concentration of the precursors unchanged also
aﬀected the particle size. Microwave digestion for 18 min
resulted in a distorted oval shape for C-TiO2, which
agglomerated with an increased particle size on extending the
digestion time to 40 min. Varying the temperature, keeping
other parameters constant, aﬀected the morphology too.
HRSEM images of C-TiO2 illustrating the time and temperature dependence of synthesis are shown in the Supporting
Information, Figure S4. It is noteworthy that irrespective of the
reaction conditions, as given in Table 1 and the Supporting
Information, Tables S1−S3, C-TiO2 was always found in the
anatase phase. This is conﬁrmed by powder XRD, as displayed
in the Supporting Information, Figure S5.
In the proceeding discussion, we will focus only on the
results from the samples synthesized with low concentrations of
TOAA and NH4F, namely, the spherical (CT-1), distorted
spherical (CT-2), hexagonal (CT-6), and rice grain (CT-9)
shaped NC C-TiO2 (refer to Table 1). HRTEM images (see
Figure 3) conﬁrmed the spherical shape of the CT-1 sample
and yielded a particle size of ∼50 nm. The measured d value of
3.50 Å suggests the existence of a (101) plane in spherical CTiO2. In addition, the outer boundary (seen in Figure 3B,
corresponding to CT-2) shows layers of carbon accumulated
on the periphery. This can be conﬁrmed by measuring EDS line
scan of a single spherical shaped C-TiO2, as given in the
Supporting Information, Figure 6. This conﬁrms that carbon is
accumulated on the surface. However, there is signiﬁcant C
content in the particle, which is uniform. This carbon is likely
to be due to doping. The distorted spherical morphology of
CT-2 is easily visible from the ﬁgure, with clear lattice fringes at
an interplanar distance of 3.51 Å, due to the (101) plane as in
CT-1.28 The corresponding particle size was calculated to be
∼40−50 nm. The HRTEM image of CT-6 sample clearly
exhibits six vertices and a hexagonal morphology in which four
sides are long and two are short. Each short side was found to
be 10 nm in length, while the remaining sides were measured to
be 20 nm in length. The average particle size was found to be
40 nm and was further conﬁrmed by the Scherer formula from
XRD. As in the previous two samples, for CT-6 also the
measured d spacing was found to be 3.51 Å corresponding to a
(101) plane. The electron microscopy images of CT-9
showcase the presence of two vertices in each particle with a
rice grain shape. From the SEM measurements, a particle size
of ∼40−50 nm was derived for CT-9. The lattice fringes reveal

Figure 3. TEM images at (A) low and (B) high magniﬁcation of
spherical (CT-1), distorted spherical (CT-2), hexagonal (CT-6), and
rice grain (CT-9) shaped of C-TiO2 NCs.

a clear crystallinity and an arrangement of atoms with
interplanar distances of 2.37 Å and 3.50 Å corresponding to
(004) and (101) planes, respectively of anatase TiO2.
Interestingly, only very few boundary layers (thin layers) of
carbon were present in CT-6 and CT-9 samples when
compared with CT-1 and CT-2 samples, showcasing that the
carbon thickness changes with the sample. More HRTEM
images of these four morphologies of C-TiO2 can be found in
the Supporting Information, Figure S7.
Structural Elucidation of C-TiO2 with Diﬀerent
Morphologies. The powder XRD proﬁles of the four
morphologies of C-TiO2 are depicted in Figure 4. It is deduced
that all the materials index exactly to the anatase phase of bulk
TiO2. The peak at 2θ = 25.1° is due to the (101) plane of
anatase TiO2, while other peaks correspond to the (103),
(004), (112), (200), (105), (211), and (204) planes of bulk
TiO2 (JCPDS 89-4921). Though there is a small deviation in
the peak positions of the four samples with respect to the bulk
form due to carbon accumulation, there are no signiﬁcant
changes in these within the diﬀerent morphologies of C-TiO2.
However, the full width at half-maxima (fwhm) of any peak
(plane) is not the same due to the diﬀerence in particles sizes of
the four shapes.
Bulk anatase TiO2 is known to exhibit six Raman active
modes (three Eg, two B1g and one A1g).29 These spectral
1324
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The ratio of the intensities of the D and G bands (ID/IG) or
the degree of graphitization is an indication of the amount of
graphitic carbon formed at the surface of the nanoparticle;
lower the ID/IG ratio, higher the degree of graphitization.30,31
ID/IG was found to be 2.15, 2.06, 1.98, and 1.97, respectively for
the distorted spherical, spherical, rice grain, and hexagonal
shaped C-TiO2. These values are greater than the ID/IG ratios
(1.06−1.66) of previously reported32 C-TiO2 and are therefore
indicative of the presence of lesser graphitic carbon in our
samples. It can be further noticed that the ID/IG ratio of the rice
grain and hexagonal shaped C-TiO2 is lower than that of the
spherical and distorted spherical shaped C-TiO2. As the D band
is reﬂective of disorder/structural defects, based on ID, the
disorder is likely to be less in the ﬁrst pair of samples and high
in the second pair of C-TiO2 NCs.
The UV−vis diﬀuse reﬂectance spectra of CT-1, CT-2, CT-6,
and CT-9 are presented in the Supporting Information, Figure
S8. Although P25 Degussa (bulk TiO2) showed an absorption
onset in the UV region, the absorption of all morphologies of
C-TiO2 exhibited a shoulder in the visible region. Absorbance is
enhanced with increasing carbon content as follows: distorted
spherical > spherical > hexagonal > rice grain shaped C-TiO2.
This trend is in agreement with the TOC results, according to
which the percentages of carbon in the distorted spherical (CT2), spherical (CT-1), hexagonal (CT-6), and rice grain (CT-9)
shaped C-TiO2 samples were 3.35, 2.95, 2.68, and 2.55%,
respectively.
Carbon in TiO2 Network. The carbon environment in the
four diﬀerent morphologies of C-TiO2 was monitored by XPS,
and the results are shown in Figure 6. For comparison, XPS of
bulk TiO2 (P25 Degussa) is also plotted. It can be seen from
the ﬁgure that after deconvolution, C 1s appears as three
distinct peaks at 284.6, 286.3, and 288.5 eV, which are due to
adventitious carbon species. The ﬁrst peak at 284.6 eV is due to
graphitic carbon formed at the surface of the nanoparticle,
whereas the latter two arise from the COH (and COC)
and CO (and COO) bonds of the carbonate-like species due
to oxidized carbon species. This carbon species (carbonate-like)
are likely to be substituting the Ti site or sitting in interstitial
positions.33−36,14 The presence of CO in the TiO2 was

Figure 4. XRD proﬁles of the four diﬀerent morphologies of C-TiO2.
For comparison, XRD of bulk anatase TiO2 is plotted in the bottom
(JCPDS 89-4921).

features can also be seen in the low frequency region of the
Raman spectra of the four C-TiO2 NCs displayed in Figure 5A.
Thus, in agreement with the XRD analysis, Raman spectroscopy also conﬁrms that these systems were in the anatase
phase. The strong phonon peak at 150 cm−1 corresponds to an
Eg mode, but its position is shifted by ∼6−8 cm−1 relative to
bulk TiO2, possibly due to C content. The peaks at ∼400, 510,
and 620 cm−1 index well to the B1g, A1g, and Eg modes,
respectively. The spectral feature in the high frequency region
(see Figure 5B) consists of D and G bands which are normally
observed at ∼1350 and 1585 cm−1, respectively. These bands
correspond to sp2 carbon atoms in a disordered (D)
environment and to carbons in extended p conjugated
graphite-like (G) arrangements. This carbonaceous region
upon deconvolution reveals that the disordered character of
the D band at 1357 cm−1 is higher in intensity than the
graphitic character of the G band at 1585 cm−1.

Figure 5. Raman proﬁles of the spherical (CT-1), distorted spherical (CT-2), hexagonal (CT-6), and rice grain (CT-9) shaped C-TiO2. (A) TiO2
bands in the low frequency region; (B) D and G bands in the higher frequency region.
1325

DOI: 10.1021/acssuschemeng.5b00044
ACS Sustainable Chem. Eng. 2015, 3, 1321−1329

Research Article

Downloaded by INDIAN INST OF TECHNOLOGY MADRAS on September 9, 2015 | http://pubs.acs.org
Publication Date (Web): June 2, 2015 | doi: 10.1021/acssuschemeng.5b00044

ACS Sustainable Chemistry & Engineering

Figure 6. XPS of CT-1, CT-2, CT-6, and CT-9 C-TiO2 samples. For comparison, XPS of bulk TiO2 (P25 Degussa) is plotted in the bottom. (A) C
1s, (B) O 1s, and (C) Ti 2p. Color scheme: black-experimental curve; red-ﬁtted; green, blue, and pink-deconvoluted species.

fact that the Ti 2p peak position diﬀers for four diﬀerent
morphologies along with the nature of C accumulation on the
TiO2 surface. Thus, the hexagonal and rice grain shaped CTiO2 show only a subtle change from the standard TiO2,
whereas the distorted spherical and spherical shapes show
greater diﬀerences in energy positions. Overall, the distorted
spherical C-TiO2 shows a deviation of nearly 0.45 eV from P25
Degussa, indicative of a partial charge transfer from the surface
carbon moiety to the Ti4+ centers in the TiO2 network.39
The XPS for O 1s (Figure 6B) shows three diﬀerent
environments in C-TiO2 for all the four morphologies. The
peak positions at 530.3, 531.5, and 532.8 eV in P25 Degussa
can be ascribed to TiO (O2− lattice oxygen), surface −OH,
and adsorbed H2O, respectively, whereas the peak positions at
530.1, 531.5, and 532.9 eV in all the C-TiO2 NCs are indexed
to TiO (O2− lattice oxygen), CO (and COO), and C
OH (and COC) species, respectively.39,40 The enhancement of CO and COH signals in the distorted spherical
morphology suggested increased hydration (OH and/or H2O)
with an increase of deposited carbon content (i.e., increased
line-width) revealed by the C 1s spectra. The shifting (by 0.2
eV) of the lattice oxygen peak at 530.1 eV in all the C-TiO2
toward lower energy, relative to the P25 Degussa standard, is
indicative of C accumulation.

further conﬁrmed by infrared spectra (see the Supporting
Information, Figure S9), which exhibit a peak at 1059 cm−1 due
to CO stretching.
Of the three peaks in Figure 6A, intensity of the one due to
carbonate-like feature changed with the morphology of C-TiO2.
The measured intensity of this peak at 286.3 eV follows the
order: distorted spherical > spherical > hexagonal > rice grain
C-TiO2. This trend is in agreement with the calculated total
percentage of carbon from the TOC measurement, mentioned
in the previous section. In addition, the absence of a peak
around 282.0 eV conﬁrms that the carbon did not substitute
oxygen in the lattice.37 The intensity of the 284.6 eV peak
implies that the percentage of graphitic carbon is high in the
distorted spherical C-TiO2 and low in the hexagonal C-TiO2.
The uniform C content due to doping within the TiO2 particle,
as proposed from the SEM-EDS line scan, could not be seen
distinctly in XPS.
The Ti 2p XPS peak of P25 Degussa in Figure 6C consists of
two energy levels of Ti 2p1/2 and 2p3/2 at 464 and 458 eV,
respectively with a separation of ∼5.8 eV.38 Two observations
are easily noticeable from panel C: (i) the peak shift (with
respect to P25 Degussa) toward lower energy is maximum for
the distorted spherical C-TiO2 and is relatively much greater
than for other systems and (ii) the distorted spherical
morphology exhibits lower line-width than the others. The
1326

DOI: 10.1021/acssuschemeng.5b00044
ACS Sustainable Chem. Eng. 2015, 3, 1321−1329

Research Article

Downloaded by INDIAN INST OF TECHNOLOGY MADRAS on September 9, 2015 | http://pubs.acs.org
Publication Date (Web): June 2, 2015 | doi: 10.1021/acssuschemeng.5b00044

ACS Sustainable Chemistry & Engineering
The Brunauer−Emmett−Teller (BET) surface area data for
the four morphological samples are presented in the Supporting
Information, Table S4. The BET results show that the C-TiO2
systems have diﬀerent surface areas, pore volumes, and pore
diameters. Their N2 adsorption−desorption isotherms are
displayed in the Supporting Information, Figure S10. The
spherical morphology (CT-1) of C-TiO2 shows a sharp decline
in the desorption branch indicating its mesoporosity, whereas
the hysteresis (Type-IV, H1) between the two curves suggests
the pores to have a diﬀusion bottleneck structure.41 The
following parameters were estimated for CT-1: surface area 62
m2/g, pore volume 0.24 cc/g, and BJH pore diameter 18.0 nm.
In addition, it showed a unimodal pore size distribution that
was a little broad in the range due to its spherical morphology.
The reason for the high pore volume may be the fusion of
microvoids into macro voids during crystallization. The
distorted spherical sample (CT-2) is predicted to have a
surface area (61 m2/g) similar to that of the CT-1 sample, but
with a smaller pore volume and larger average pore diameter of
0.19 cc/g and 22.4 nm, respectively. CT-2 was found to have
two additional pores of sizes 3.6 and 58.6 nm, implying that
distorted spherical condensation led to the formation of lower
range of mesopores and also macropores due to surface
aggregation of these particles. Furthermore, the presence of H3
hysteresis implies nonrigid aggregation of plate-like particles
that expose slit-shaped pores.
For the hexagonal shaped C-TiO2 (CT-6), a type-II isotherm
with a still lower surface area of 33 m2/g was observed, with a
pore volume and pore diameter of 0.18 cc/g and 19.0 nm,
respectively. The BJH pore size distribution exhibits sharp
unimodal pores, which are the probable reason for the
heterogeneous uptake of carbon and increased pore shrinkage
in the region of particle aggregation. Interestingly, the rice grain
morphology (CT-9) shows a type-IV isotherm with H4
hysteresis loop and a relatively higher surface area of 229
m2/g with a pore volume of 0.17 cc/g and BJH pore diameter
of 3.6 nm. On the basis of the smooth rise in the pore
condensation for CT-9, it can be inferred that uniform pores
are present, whereas overall results suggest the existence of
ordered narrow slit-like mesoporous pores in the micropore
region due to the gradual decomposition of carbon.
Photocatalytic Degradation of CBZ. We have previously
examined the spherical shaped C-TiO2 for the photocatalytic
degradation of carbamazepine, an emerging contaminant in
water. Details of the study and the conditions derived for
optimal removal of CBZ are discussed elsewhere.27 Using these
optimized parameters (catalyst concentration of 230 mg/L,
light intensity of 7700 lux and pollutant concentration of 50
μg/L), the visible light photocatalytic degradation of CBZ was
carried out by all four morphologies of C-TiO2. Additional
control experiments were done on undoped TiO2 and carbon
prepared by the same method (CT-1 method). It was found
that degradation occurred slowly for both carbon and TiO2, as
shown in the Supporting Information, Figure S11.
As can be seen from Figure 7, the time taken to degrade CBZ
using the rice grain, spherical, distorted spherical, and
hexagonal shaped C-TiO2 was 85, 120, 210, and 240 min,
respectively. The reaction rates, k (min−1), were determined by
plotting ln(C/C0) versus time, where C = concentration after
time t has elapsed and C0 = original concentration at t = 0. All
these trials were found to follow ﬁrst-order kinetics with a R2
value of more than 0.90 (see the Supporting Information, Table
S5). The rate of CBZ degradation was much faster with the rice

Figure 7. Degradation of carbamazepine by diﬀerent morphologies of
C-TiO2NCs.

grain shaped C-TiO2 catalyst than with the other three
catalysts. This photocatalytic behavior corroborates well with
surface area measurements. The measured surface area (see the
Supporting Information, Table S4) is found to be rather large
in the rice grain C-TiO2 (229 m2/g) compared to in the
spherical (62 m2/g), distorted spherical (61 m2/g), and
hexagonal (33 m2/g) C-TiO2. Thus, it can be inferred that
the high surface area of the rice grain C-TiO2 is responsible for
its high photocatalytic activity.
Chemical Control of Morphology. Our study (tuning
morphology by diﬀerent parameters, vide supra) revealed that
low concentrations of H2O2 and NH4F played major roles in
controlling morphology and determining the size of C-TiO2,
and it is expected that there may be a competition between
them.42 F− ions are well-known for their role as etching agents
and F− ions from NH4F can inﬂuence the crystallization and
growth of TiO2 due to rapid in situ dissolution and
recrystallization.43,44 Thus, when H2O2 concentration is
reduced by 2-fold (to 5 mL) compared to that in the spherical
CT-1, the F− ions etch anisotropically leading to the hexagonal
shaped C-TiO2 (CT-6) with clear vertices. We postulate that in
all the C-TiO2 morphologies, this anisotropic etching probably
causes the exposure of the (101) plane that has the lowest
surface energy. At the same time, the role of H2O245 is also
crucial, as it was impossible to get the distinct morphologies in
its absence. The adsorption of peroxide ions form various
intermediate complexes viz., [Ti(O2)2(OH2)OOH]−, and/or
[Ti(O2)2(OH2)OOH2], etc., and can lower the surface energy
of {001} facets, but these get exposed only in the rice grain
shaped C-TiO2 due to the lower concentration of TOAA.
An interesting observation was noted in the surface
morphology of four diﬀerently shaped C-TiO2. In principle,
the lower surface energy planes (101), (004), and (200)
correspond to the most displayed facets of {101}, {001}, and
{100}, respectively in natural anatase crystals.46,47 All the four
morphologies of C-TiO2 show the (101) plane of the {101}
facet in electron microscopy images. Interestingly, the rice grain
shaped C-TiO2 has coexposed {001} and {101} facets for
(004) and (101) planes, respectively as understood from
electron microscopy images. Roy et al.48 conﬁrmed the
presence of high energy {001} reductive facets with low energy
{101} oxidative facets of TiO2 as being responsible for eﬃcient
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photocatalytic degradation of a dye. Thus, in our work, the
enhanced photocatalytic activity of the rice grain shaped CTiO2 could be due to the coexposure of the {001} and {101}
facets, as deduced from its TEM images in Figure 3. Diﬀerent
morphologies of TiO2 have been reported to show mostly
{001} facets with enhanced photocatalytic applications even
when synthesized using F− ions.49,50 Though F− ions have been
used for preparing C-TiO2 in this work, in a given diluted
condition ([TOAA/2]), the rice grain C-TiO2 alone had
coexposed {001} and {101} facets due to an competition
between F− and H2O2. However, a detailed mechanistic study is
needed to understand the real factors responsible.
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■

CONCLUSIONS
Various C-TiO2 morphologies were synthesized by a rapid
microwave digestion method. The morphologies were signiﬁcantly tuned at low concentrations of the precursors for
synthesizing anatase C-TiO2. Among the four diﬀerent
morphologies, the rice grain shaped C-TiO2 showed enhanced
visible light degradation of carbamazepine, a pharmaceutical
pollutant in wastewater, due to the presence of coexposed low
energy/high energy {101}/{001} facets and its high surface
area. These newly synthesized carbon enriched TiO2 NCs may
ﬁnd useful in applications such as water splitting. Precise
understanding of the nature of carbon in these materials needs
additional studies.
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