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1 Introduction

Abstract: A whole series of titania nanocomposites modified with reduced graphene oxide (rGO) was prepared using solvothermal method followed by calcination. Modification of titania with rGO has been found to lead to better photocatalytic properties. The highest photocatalytic
performance was obtained at calcination temperature of
600∘ C. Electron paramagnetic resonance/ferromagnetic
resonance measurements showed oxygen defects and ferromagnetic ordering systems. The linewidth of resonance
line of oxygen defects decreased linearly with calcination
temperature increasing up to 600∘ C and an accompanying growth of mean crystallite size of anatase phase. The
integrated resonance line intensity of oxygen defects depended on the calcination temperature and caused a very
large increase in the intensity of resonance lines originating
from oxygen defects, because inert atmosphere of calcination was enhanced by graphene presence. The occurrence
of magnetic ordering system significantly influenced the
performance of photocatalytic processes by changing the
amount of oxygen defects.

Recently, several papers about studies of graphene oxide
(GO) and reduced grapheme oxide (rGO) nanomaterials using magnetic resonance method appeared [1ś4]. The preparation and application of titanium dioxide nanomaterials
modified with carbon have been intensively studied [5ś10].
For years, modified titanium dioxide has been and is being investigated by magnetic resonance method e.g. [11ś22].
The method enables to study localized magnetic moments
associated with resulting defects that play an important role
in various properties useful in many processes, including
catalysis and photocatalysis. In the abundant literature concerned photocatalysis with using of TiO2 -graphene hybrids
we found a limited number of publications on relation of the
photoactivity and the amount of magnetic moment centres.
This problem is especially interesting in TiO2 -graphene system with interphases created under elevated temperatures
and under inert argon atmosphere. Therefore in this work
we have undertaken study on this matter.
The main aim of the work was to prepare a series of
TiO2 -rGO nanocomposites at different treatment temperatures and study of localized magnetic moments together
with correlated spin systems using the method of Electron Paramagnetic Resonance/Ferromagnetic Resonance
(EPR/FMR).
Magnetic oxygen defects or magnetic agglomerates significantly affect photocatalytic processes even though they
are in a small amount then it is important to concentrate
them properly.
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2 Experimental
2.1 Materials
The crude titanium dioxide provided by the Chemical Plant
Grupa Azoty Zakłady Chemiczne “Policež S.A. (Poland) was
used as a starting material for preparing a new group of photocatalysts. The supplied titanium dioxide was pre-treated
as was described elsewhere [23]. The sample after pretreatment was named as starting-TiO2 . Reduced graphene
oxide was obtained by NANOMATERIALS LS (Poland) using
a modified Hummers’ method.

2.2 Preparation of photocatalysts
The graphene modified TiO2 photocatalysts were obtained
by solvothermal process at temperature of 180∘ C (sample
name as TiO2 -A180), mixing with graphene, and then calcination. The starting solvothermal TiO2 was mechanically
mixed with 8 wt% of rGO and then placed in autoclave with
isopropanol. The sample was heated at 180∘ C for 4 h under
autogenous pressure. The sample after this modification
was named as TiO2 /rGO-8 and was also used as a control
material. Then, TiO2 /rGO-8 photocatalyst was calcined at
400∘ C, 500∘ C, 600∘ C and 800∘ C for 4 h in an argon flow.
The obtained materials were named as TiO2 /rGO-8-400,
TiO2 /rGO-8-500, TiO2 /rGO-8-600 and TiO2 /rGO-8-800.

surements were carried out on Bruker E 500 spectrometer
operating at X-band microwave frequency. Temperature
studies at 90 K and 290 K were performed using an Oxford
ESP 300 continuous flow cryostat. The investigated sample
was in form of loose powder and during the measurements
it was placed in a quartz tube.

3 Results and discussion
From data presented in Figure 1 we can conclude that incorporation of graphene to TiO2 and further calcination of
graphene modified TiO2 in argon atmosphere enabled to
create a new structure of hybrid TiO2 -rGO materials, which
exhibited much higher photoactivity under UV radiation
for acid blue decomposition than TiO2 sample.

2.3 Photocatalytic activity measurements
Figure 1: Acid blue decomposition degree under UV light irradiation

The photocatalytic activity was investigated using the acid
blue decomposition as a model reaction. The photocatalytic
The total time of complete removal of acid blue dereaction was performed in a glass beaker (0.3 L) containing 0.8 g/L of photocatalyst and 0.2 L of pollutant solution. creased from 210 min for TiO2 , to 165 min for TiO2 /rGO-8,
The initial concentration of acid blue was 10 mg/L. The 150 min for TiO2 /rGO-400 and 105 min for TiO2 /rGO-8-600
∘
suspension was stirred in darkness to reach the adsorption- photocatalysts. The photocatalyst heated at 800 C showed
desorption equilibrium. After that, the solution was irradi- a lower photoactivity, almost 300 min removal of acid blue,
ated using UV-Vis light with high UV intensity (UV irradia- in comparison to the references TiO2 and other obtained
samples. This behavior could be considerate with the phase
tion).
composition presented in Table 1.
The samples of higher photoactivity still kept a low
content of rutile and high content of crystalline phase of
2.4 Characterization of photocatalysts
anatase (96-99%) with low mean crystallite size of anatase,
The phase composition and crystal structure were analyzed between 17-29 nm. The sample TiO2 /rGO-8-800 contained
using the method of powder X-ray diffraction (XRD) anal- mainly rutile phase (97%) with high mean crystallite size
ysis (Malvern PANalytical Ltd., Netherlands) with Cu Kα (over 100 nm) which was characterized by lower photoactivradiation (λ = 1.54056 Å). The anatase and rutile concen- ity in comparison to anatase phase, which was of low contritration and the average crystallite size of anatase were cal- bution in composition as well as of higher mean crystallite
culated by the method described elsewhere [24]. EPR mea- size of 65 nm. This simultaneous effect of shifting sizes
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Table 1: XRD phase composition and mean crystallites size of reference, control and obtained photocatalysts

Sample code
TiO2 -A180
TiO2 /rGO-8
TiO2 /rGO-8-400
TiO2 /rGO-8-500
TiO2 /rGO-8-600
TiO2 /rGO-8-800

Concentration of
anatase phase %
98
99
98
96
97
3

Concentration of
rutile phase %
2
1
2
4
3
97

Mean size of anatase
crystallite [nm]
18
17
19
22
29
65

(a)

(b)

(c)

(d)

(e)

(f)

Mean size of rutile
crystallite [nm]
33
27
29
56
40
>100

Figure 2: The EPR spectra of nanocomposites at 90 K (red) and 290 K (black): (a) TiO2 -A180, (b) TiO2 /rGO-8, (c) TiO2 /rGO-8-400, (d)
TiO2 /rGO-8-500, (e) TiO2 /rGO-8-600 and (f) TiO2 /rGO-8-800

from nanometers to almost micrometers for rutile caused
an additional negative effect on photoactivity. High photocatalytic performance was obtained for the TiO2 /rGO-400,
TiO2 /rGO-8-500 and TiO2 /rGO-8-600 nanocomposites (Figure 1).
Figure 2 presents the EPR spectra for the all nanocomposites at 90 K and 290 K.
A narrow resonance line was observed in all nanocomposites and fitted using the Lorentzian function. All lines
had almost the same g parameter value (g = 2.0033 (1)).
A similar line was observed for rGO [2ś4]. The values of
linewidth ∆H at 90 K and 290 K are shown in Figure 3.
At both temperatures, the linewidth of the resonance
lines decreased up to a minimum for the TiO2 /rGO-8-600
sample and then a pronounced increase for TiO2 /rGO-8-

800 sample. Spin relaxation processes significantly depend on calcination temperature. Additionally, an intense
anisotropic EPR powder spectrum with rhombic g-tensor
(gx = 1.98, gy = 2.00 and gz = 2.02) was observed for sample TiO2 /rGO-8-500 (arising from oxygen defect associated
with trivalent titanium ions) similar as TiO2 [2]. Much lower
intensity of these lines occurred in the nanocomposite
TiO2 /rGO-8-600.
Figure 4 shows the integrated intensity (Iint = A·∆H2 , A
ś signal amplitude and ∆H ś linewidth) at 90 K and 290 K.
The normalized integrated intensity gives us the
amount of localized magnetic centers, but the presence
of conducting electrons especially at high temperatures
could change them by skin effect [25]. The skin depth δ for
microwave radiation varied inversely proportional to the
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Figure 3: The linewidth ∆H of the narrow resonance line in different
samples measured at 90 K and 290 K

sample conductivity which led to a reduction of the EPR
line intensity through an effective decrease of the active
volume of the sample. The samples TiO2 /rGO-8-400 and
TiO2 /rGO-8-600 showed the highest intensities of the resonance line arising from oxygen defects (free radicals) at 90
K. The narrow resonance line intensity in rGO increased and
diminished reversibly with potential [4]. As a result of this
process, we can have electron transfer reducing their number in the conduction band and thus increasing the volume
of penetration of microwave radiation at 290 K. From Figure 1 it can be seen that the photoactivity under UV irradiation increased with the increase of calcination temperature
to 600∘ C. The rutile phase was dominating in the TiO2 /rGO8-800 nanocomposite, hence the activity was much weaker
than that of other materials. The oxygen defects may be one
of the causes of electron transfer. Additional oxygen defects
in the right proportion quantities improved some photocatalytic properties. The significant reduction in the number
of oxygen defects associated with trivalent titanium ions
change slowly the photocatalytic properties from nanocomposites TiO2 /rGO-8-500 to TiO2 /rGO-8-600.

Additional magnetic resonance spectra are observed
in the low magnetic field (Figure 5), but they are not visible
at 90 K.
Low magnetic concentration of nanoaglomerates in
non-magnetic matrices with a decrease at lower temperature become less visible [26]. For nanocomposites TiO2 A180, TiO2 /rGO-8-400, TiO2 /rGO-8-500 and TiO2 /rGO-8800, the resonance line are fitted with one Lorentzian function. For nanocomposite TiO2 /rGO-8 the resonance lines
are fitted with three Lorentzian functions and in nanocomposite TiO2 /rGO-8-600 they are fitted by two Lorentzian
functions. Table 2 shows the results obtained from fitting
of the spectra derived from magnetic ordering systems.
In TiO2 we have one magnetic ordering system with
lowest integrated intensity (Table 2). The nanocomposite
TiO2 /rGO-8 exhibited three magnetic ordering systems. Two
are from phase anatase and one is probably from the rutile phase (comparable in intensity to the nanocomposite
TiO2 /rGO-8-800). The total intensity value in the TiO2 /rGO8 is comparable to the TiO2 /rGO-8-400 nanocomposite (Table 2). In the nanocomposites processed at calcining temperature 400∘ C and 600∘ C the resonance line intensity
resulting from oxygen defects associated with free radicals
increased quite significantly (Figure 4). The total intensity
from ordered magnetic moments for TiO2 /rGO-8-600 increased 4.5 times to TiO2 /rGO-8-400. In the TiO2 /rGO-8-500
nanocomposite, the number of oxygen defects related to
trivalent titanium ions increased significantly (Figure 2d)
and the number of ordering magnetic moments decreased
(Table 2). Localized magnetic moments from trivalent titanium ions at a calcination temperature of 600∘ C can create
ordered magnetic moments of smaller sizes compared to
other nanocomposites.
The TiO2 /rGO-8 sample also showed a wider resonance
line described at H=3360 G [3] which did not occur in the
remaining nanocomposites.
In the case of a larger number of magnetic ions, the
resonance field is many times further shifted towards the
lower applied magnetic field [27]. The resonance condition

Table 2: The resonance field (H), linewith (∆H) and integrated intensity (I) (related to the second sample) for broad line

Sample code
TiO2 -A180
TiO2 /rGO-8
TiO2 /rGO-8-400
TiO2 /rGO-8-500
TiO2 /rGO-8-600
TiO2 /rGO-8-800

H(1) [G]
3122(6)
1826(3)
3064(17)
3106(10)
3180(6)
2944(40)
3092(7)

∆H(1) [G]
451(7)
307(3)
515(14)
563(14)
475(8)
724(27)
506(9)

I(1)
0.64
1.00
1.48
2.96
1.1
9.42
1.23

H(2) [G]

∆H(2) [G]

I(2)

2561(2)

171(5)

0.26

2136(10)

420(14)

4.05
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Figure 4: Integrated intensities the EPR spectra of defects arising from oxygen defects at 90 K and 290 K

(a)

(b)

Figure 5: EPR spectra of the nanocomposites at low magnetic field: a) sample TiO2 -A180 and b) nanocomposite TiO2 /rGO-8

is the following: h·ν=geﬀ ·µ B ·(Ho ś Hr ), where h and µ B are seen in Figure 4. It is probably related to a greater amount
Planck and Bohr magneton constants, respectively Ho ś of conductivity electrons in the TiO2 /rGO-8-400 nanocomexternal applied magnetic field and Hr ś internal magnetic posite. Coexistence in appropriate proportions of magnetic
field, where the values of resonance field Ho śHr are shown ordering systems and oxygen defects can significantly imin the Table 2. The observed magnetic resonance signal prove photocatalytic performance.
could be regarded as a ferromagnetic one.
Magnetic ordering system formed on the basis of trivalent titanium ions, at a calcination temperature of 400∘ C
4 Conclusions
passed into localized magnetic moments oxygen defects
for nanocomposite TiO2 /rGO-8-500. The magnetic ordering
A whole series of TiO2 nanocomposites modified with rGO
system at higher calcining temperature caused a rapid inwas prepared using a solvothermal method followed by calcrease in oxygen defect both associated with free radicals
cination. It was found that modification of TiO2 with rGO sigand titanium trivalent ions.
nificantly improved photocatalytic properties. The highest
Most oxygen defects (free radicals) were observed for
photocatalytic efficiency was achieved for the nanocomposthe TiO2 /rGO-8-400 and TiO2 /rGO-8-600 nanocomposites.
ite calcined at 600∘ C. Spectra of EPR/FMR at 90 K and 290
The highest amount of oxygen defects associated with trivaK showed oxygen defects and ferromagnetic ordering syslent titanium ions was achieved for the TiO2 /rGO-8-500
tem connected with trivalent titanium ions. The linewidth
nanocomposite. A significantly faster increase of free radof the resonance lines decreased almost linearly for the
icals at 290 K for TiO2 /rGO-8-600 nanocomposite can be
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nanocomposites with a higher crystallite size of anatase
phase caused by increasing calcination temperature.
The following essential conclusions can be drawn:
ś relaxation spin processes significantly depended on
the calcination temperature of the composite samples,
ś magnetic ordering system indirectly significantly influenced photocatalytic performance,
ś for TiO2 /rGO-8-400 and TiO2 /rGO-8-600 nanocomposites, the magnetic resonance line from magnetic
ordering system and the integrated intensity of the
resonance lines from oxygen defects (free radicals)
drastically increased,
ś EPR spectrum of resonance lines from titanium
trivalent ions in TiO2 /rGO-8-500 nanocomposite increased significantly that positively effected on photocatalytic processes.
ś In TiO2 /rGO-8-600 nanocomposite, a significant increase in ordering magnetic systems associated with
a decrease in size was noticed
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