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C-doped CeQO; nanoparticles were synthesized by hydrothermal method using glucose as carbon source.
The structure of the C-doped CeO: nanoparticles was controlled by the concentration of the glucose precur-
sor. The structure and properties of the C-doped CeQO; nanoparticles were characterized by X-ray diffrac-
tion and UV-Vis diffuse reflectance spectroscopy. Microscopic morphology of nanoparticles was charac-
terized by transmission electron microscopy. Photocatalytic activity was assessed by considering the degra-
dation of methylene blue under visible light irradiation. Results show that C-doping significantly improves
the photocatalytic activity of CeO: nanoparticles because of the combination of extending radiation absorp-
tion in visible light and the efficient separation of electron-hole pairs. These findings suggest that the present
method is useful for controlling the microstructure and dye degradation properties of C-doped CeO: nano-
particles, which is particularly important for catalyst engineering.
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Hanouacmuyvr CeQ:, necuposantvle y2nepooom, CUHMEIUPOBAHbL 2UOPOMEPMATLHBIM MEMOOOM C UC-
N0Ab3068AHUEM 2TIOKO3bl 8 Kauecmee UCOYHUKA yeaepooa. CmpyKmypa noay4eHHbIX HAHOYACTUY KOHMPO-
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JUPOBANACH KOHYEeHmMpayuell npeouleCmeeHHUKA 2IHI0KO03bl, U C80UCMEA UCCICO08AHbL MEMOOAMU PeHmee-
HOBCKOU ou@parkyuu u cnekmpockonuu ougghysrnoeo ompascenus ¢ Y@-euoumoti obnacmu. Mopghonozus
HAHOYACMUY OXAPAKMEPUIOBAHA C NOMOWbIO NPOCEe UBaiowell ANeKMpOHHOU Mukpockonuu. @omokama-
JUMUYECKAs AKMUBHOCMb OYEHEHA N0 PA3L0NCEHUI0 MEMUTIEHOB8020 CUHE20 NOO OelCMBUEM BUOUMO20 CEe-
ma. Ilokazano, umo necuposanue y2iepooomM 3HAYUMEIbHO YCUAUBAen GOMOKAMATUMUYECKYIO AKMUG-
Hocmb Hanouacmuy CeQ: uz-3a yeeruueHus NO2IOWEHUs. USTYYEHUs. 8 GUOUMOM OUANA30HE 8 COUEMAHUU C
aghpexmusHbiM pazdeneHuem 31eKmpoHHO-0bIPOUHBIX nap. Memoo ModcHO npumeHams 0 KOHMPOJs MUK-
POCMPYKMYpPbL U C8OUCME PA3N0dNCEHUs Kpacumenst ¢ nomoupto Hanouacmuy CeQ), 1e2upoSaHHbIX yenepo-
00M, YUMo 0COBEHHO 8AICHO OISl PA3PAOOMKU KAMAIUZAMOPOS.
Knrwouegwie cnosa: CeO;, kamanuzamop, nanouacmuya, Y D-euoumas cnekmpockonusi.

Introduction. Wastewater pollution is a matter of concern worldwide, especially in water sources con-
taminated by persistent organic compounds, such as those containing stable benzene rings, which are not de-
graded by living organisms, whether aerobic or anaerobic. The emission sources of these organic pollutants
can be factories where plant protection drugs are produced and textiles are dyed [1]. A variety of wastewater
treatment solutions for organic pollutants have been studied through advanced oxidation, nanophotocata-
lysts, ceramic nanofiltration membranes, photocatalytic oxidation, and nanophotocatalysts coupled with ce-
ramic nanofiltration membranes [2]. Photocatalysis has attracted intense attention because it uses solar radia-
tion to excite electrons in semiconductors, creating electron-hole pairs that combine with water to form
strong oxidizing radicals. This involves an advanced oxidation processes similar to that of Fenton’s reagent.

Many semiconductors have been studied as photocatalysts such as TiO,, ZrO,, CeO,, and C3N4 [3-6].
Among them, cerium oxide (CeQO>) is a promising material. CeO, has a wide range of applications in many
fields, including photocatalysts, UV absorbers, ceramics, inorganic membranes, sensors, solar converters,
and automotive catalytic converters [5, 7-9]. Moreover, CeQO; is chemically stable and exists in the form of
a divalent state Ce**/Ce*" redox pair, which benefits the formation of oxygen vacancies, thereby increasing
the photocatalytic efficiency of the material [10]. However, like conventional photocatalysts, CeO, has
a large band gap E, (2.8-3.1 eV) and only absorbs ultraviolet radiation. The photocatalytic performance of
CeO; is low and still has many disadvantages such as fast hole-electron recombination rate and low specific
surface area. To improve the photocatalytic performance of CeO,, many solutions have been proposed, in-
cluding creating hierarchical structures with other oxides that have a smaller band gap, and doping in CeO;
with metal ions such as Fe**, Co®", and Y*" ions [11-13]. The ions doped into CeO; reduce the band gap, ex-
tending the absorption region of CeO, toward visible light. On the other hand, impure ions also reduce the
recombination of electrons and holes, thereby increasing the photocatalytic efficiency.

Another aspect is the doping of semiconductor oxides with nonmetals such as N doped into TiO, and C
doped into TiO,, which also enhances the photocatalytic efficiency [14, 15]. Hydrothermal method is effec-
tive in synthesizing CeO; nanoparticles [16, 17]; however, to the best of our knowledge, no studies have
been published on the effect of carbon (C) doping into CeO; nanoparticles on the microstructure and photo-
catalytic performance. We used the hydrothermal method to synthesize C-doped CeO, nanoparticles from
precursors of glucose and cerium nitrate. This method is simple and cost-effective for the synthesis of
C-doped CeO; nanoparticles with effective photodegradation of methylene blue (MB) under visible light ir-
radiation.

Experimental. C-doped CeO» nanoparticles were synthesized via a hydrothermal method as follows:
an aqueous solution containing 0.15 M cerium nitrate hexahydrate Ce(NO3)3 - 6H20 (99.9% purity, Aldrich)
was prepared. Different aqueous solutions of glucose (C¢H1206, 99.9% purity, Merck) were added to the
aforementioned solution. The concentration of the glucose solution was based on the designed C concentra-
tions in CeO; (Ce-C,0O7), which are x =0, 0.05, 0.1, and 0.2, and 0-20 mol.% C. The solutions were stirred
for 0.5 h by a magnetic stirrer at room temperature and then precipitated using 10 wt.% ammonia solution
with a controlled pH value of 10. The mixture was transferred into a 100 mL Teflon-lined autoclave, then the
autoclave was covered and maintained at 200°C for 12 h. The resulting precipitates were washed twice with
deionized water and ethanol and then dried at 100°C for 6 h.

The crystal structures of C-doped CeO, nanoparticles were characterized by X-ray diffraction (XRD,
D8 Advance, Bruker, Germany). The C-doped CeO, microstructure was determined by TEM (JEOL,
JEM 1010, JEOL, Tokyo, Japan). The elemental composition and chemical bonding of C-doped CeO, were
determined by FE-SEM (JEOL, JSM—7600F, JEOL, Tokyo, Japan) and FTIR (PerkinElmer Spectrum
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BX spectrometer, Waltham, MA, USA). The band gap was determined from UV-Vis diffuse reflectance
spectroscopy (Jasco V-760 UV-Visible spectrophotometer, Tokyo, Japan).

The photocatalytic efficiency in methylene blue (MB) degradation was investigated under irradiation
using a 100 W Xenon lamp as simulated sunlight. Then, 20 mg of CeO; or C-doped CeO, nanoparticles were
added to 30 mL of 10 mg/L MB solution (10 ppm). The solution was stirred for 30 min in the dark light be-
fore Xenon irradiation. After different light irradiation times, the suspensions were collected and then centri-
fuged (4500 rpm, 5 min) to remove the photocatalyst particles. The MB concentrations were monitored us-
ing a UV-Vis spectrophotometer (Cary 500 spectrometer, Agilent, Santa Clara, CA, USA).

Results and discussion. Figure 1 shows a powder X-ray diffraction pattern of the C-doped CeO; nano-
particles with different C doping concentrations. All samples show well-indexed peak diffraction intensity
with the cubic fluorinated crystalline phase of the CeO, (JCPDS card no. 34-0394). The 26 positions at ap-
proximately 28.5, 33.1, 47.5, 56.4, and 59.1° angular diffraction peaks are assigned to the diffraction planes
(111), (200), (220), (311), and (222) of the cubic CeO; phase, respectively.
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Fig. 1. XRD patterns of the Ce;_,C.O> nanoparticles, x = 0-0.2.

The full-width half maximum (FWHM) of the peaks tended to increase as the C-doping concentration
increased, which allowed us to predict that the crystal size of the C-doped CeO, nanoparticles would de-
crease. To confirm the influence of C-doping concentration on the crystal size change, we calculated the
crystal grain size by applying the Debye—Scherrer (D-S) and Williamson—Hall (W-H) methods [18]. The
D-S equation is

D = k\/BcosH. (1)

The W-H equation can be expressed as
Bcos = g(4sinb) + /D, (2)

where 0, D, €, and [ are Bragg angle, grain size, microscopic strain, and FWHM, respectively. K is a constant
that depends on the shape of the particle (0.90) and the wavelength of the Cuk,, radiation (A = 1.542 A).

Figure 2 shows a W-H plot depicting the effect of C concentration on the lattice defects of the CeO; na-
noparticles. The X-axis is the value of 4sin6 and the Y-axis is the value of BcosO. The function graph has the
form y = ax + b. Linear fitting is done to provide the parameters, where the slope (@ = €) describes the strain
(e) and (b = WD) with respect to the crystal size (D), microstrain (g), stacking fault (SF), and dislocation den-
sity (8) that were calculated using the following formulas:

5=1/D?, (3)

212
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The results are shown in Table 1. As the C-doping concentration increases, the crystal size tends to de-
crease and the lattice strain, dislocation density, and stacking fault value also increase. These results can be
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Fig. 2. W-H plots of the Ce;_,C:O» nanoparticles, x = 0-0.2.

attributed to the effect of C-doping resulting in crystal deformation; thus, the crystal growth decreases.

The crystal size of the Ce_«C,O> nanoparticles in W-H ranges were in the range of 11.6—-17.7 nm. These
values were larger than those calculated by the D-S equation (Table 1). The reason for the difference in val-
ues is that the strain component in the Scherrer formula is assumed to be 0. The W-H method uses all strain
components. We proceed to refine the structure using the Rietveld method to estimate the cell volume and
lattice strain of the Ce;_«C,O2 (x = 0, 0.05, 0.1, 0.2). Analysis was performed using the FullProf program.
The pseudo-Voigt function was used to adjust parameters such as one zero shifting, one scale factor, three
cell parameters, four backgrounds, five shapes and widths of the peaks, and two asymmetric factors; other

parameters were used as shown in [19].

Figure 3 shows the Rietveld refinement results of the Ce«C,O, nanoparticles. The results showed
a good agreement between the experimental intensity and calculated XRD intensity. The Rietveld-refined

structural parameters of the Ce;_,C,O2 nanoparticles (x = 0, 0.05, 0.1, 0.2) are presented in Table 2.

TABLE 1. Estimated Crystallite Size (D), Strain (g), Stacking Fault (SF),
and Dislocation Density (A) of Ce1_.CO> Nanoparticles, x = 0-0.2

Samples Sche(r:rrgrs’tsalhte’ e Strainx(e)10° | SFx102 | A (10" lin/m?)
=0 14.1 17.7 1.46 2.55 5.03
x=0.05 9.9 12.9 1.57 3.61 10.20
x=0.15 8.5 12.2 4.14 422 13.84
x=0.20 7.2 11.6 5.75 4.94 19.29

TABLE 2. Rietveld Refined Structural Parameters of Cei_.C,O, Nanoparticles, x = 0-0.2

Parameters CeOy | x=0.05 x=0.1 x=0.2
Crystal system Cubic Cubic Cubic Cubic
Space group Fm3m Fm3m Fm3m Fm3m
Lattice parameter

a=b=c,A 5.451 5.467 5.488 5.468
Unit cell volume/formular unit, A> | 161.97 | 163.40 165.29 163.49
o =P =1, degree 90 90 90 90
Rp 8.182 11.88 8.151 8.608
Rwp 7.022 8.900 3.519 7.942
Rexp 2.831 3.759 7.730 4.696
a 6.15 5.61 0.21 2.86
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Fig. 3. Rietveld refinement of the Ce;_C<O> nanoparticles, x = 0.1.

The C-doped CeO, and the CeO, nanoparticles exist in cubic form. The unit cell size of the C-doped
CeO» nanoparticles does not change significantly as the C-doping concentration increases. The radius of the
coordination number of C ion 4 (0.29 A) is much smaller than that of the radius of Ce*" ion coordination
number 8 (1.1 A). Thus, carbon atoms can only partially replace the Ce*" sites and the remaining carbon at-
oms can enter interstitial sites or surround the CeO, particle.

The microstructural morphology of the C-doped CeO; and the CeO, nanoparticles was examined by
TEM as shown in Figs. 4a—d. The undoped CeO, nanoparticles show a short nanorod structure with a length
of ~18 nm and a diameter of ~12 nm (Fig. 4a). When the amount of C was doped to 5 mol.%, the samples
still displayed a short rod-like morphology with a length of 22 nm and a diameter of ~12 nm (Fig. 4b). On
the other hand, when the glucose was increased to 10 mol.% C concentration, the specimen had a rounded
morphology with a diameter of ~14 nm (Fig. 4c). The circular morphology of this particle was more impres-
sive with a diameter of ~12 nm when a higher concentration of C-doping (20 mol.%) was used
(Fig. 4d). The significant morphological difference in the variation of C-doping concentrations suggests that
C plays an important role in controlling growth and crystallization. The morphological change of the
C-doped CeO» nanoparticles by increasing glucose concentration could be explained by the fact that glucose
altered the growth of CeO; crystals during growth, which caused the crystals to grow into isotropic CeO,.
To better understand the growth of the crystal planes, we conduct high-resolution TEM (HR-TEM) image
analysis of the C-doped CeO, nanoparticles with 10 mol.% C concentration, as shown in Figs. 4e,f. The fig-
ure shows that the plane (111) exists with a lattice distance of 3.125 A.

Fig. 4. TEM images of the Ce.CO> nanoparticles: x=0(a), 0.05 (b), 0.1 (c), and 0.2 (d);
() HR-TEM images of Ce;-.C:O; nanoparticles, x=0.1; (f) zoom HR-TEM Ce;_,C,O, nanoparticles, x=0.1.
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The CeO; fluorite structure possesses three low-index planes, namely, very stable plane (111), less sta-
ble plane (110), and higher energy plane (001) [20, 21]. In general, the crystal growth tends to minimize the
total surface energy, and CeO; crystals grow in the (001) direction to form a short rod structure with C-do-
ping using glucose. However, when a certain amount of glucose is added to the solution, the glucose anion
with the -CO and -OH groups is absorbed on the positively charged Ce*" (001) plane. Then, it inhibits the
contact between the growth and crystal surface (001) of the increased units, which can lead to the formation
of rounder nanoparticles with smaller diameters. These results are also in good agreement with those of crys-
tal size calculation by X-ray diffraction.

The representative chemical composition and chemical bonding of the C-doped CeO, nanoparticles
were characterized by EDS and FTIR. Figure 5a shows the typical FTIR spectra of the C-doped and undoped
CeO; nanoparticles. The FTIR spectra illustrate the characterization of Ce-O-Ce and Ce-O at ~700 and
1150 cm™! bound in CeO, [22, 23]. The wide band at approximately 3449 cm™' and the absorption band at
around 1634 and 1381 cm™! were assigned to the OH- ions and the O-H oscillation of the H,O molecule ab-
sorbed in the nanoparticle [24]. Interestingly, the banding occurrence at ~533 and 17861821 cm™ is related
to the C-O and C=0 bands, respectively, and is therefore considered a specific feature of C doped with CeO;
[25]. EDS analysis of C-doped CeO; nanoparticles mounted on a Si conductive wafer showed that peaks cor-
responding to carbon were observed (Fig. 5b), indicating the presence of carbon in the CeO, nanoparticles.
In addition, the calculated atomic concentration of C in the CeO, nanoparticles is ~17.1%, which indicates
that these structures are the C-doped CeO» nanoparticle.
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Fig. 5. (a) FT-IR spectra of the Ce;_.C(O> nanoparticles, x = 0 and 0.1; (b) EDS
of the Ce;_.C,O; nanoparticles, x = 0.1.

Figure 6 shows the optical properties of the C-doped CeO,. The CeO; nanoparticles were investigated
using UV-Vis diffuse reflectance spectroscopy. The pure CeO; exhibits strong absorption in the UV region
with an absorption margin around 388 nm, suggesting that CeO; can only be excited by UV light. The C-do-
ped CeO; nanoparticles display a wide absorption region from UV to visible light with an absorption edge of
approximately 550 nm. As the C-doping concentration gradually increased, a shift to the visible absorption
region occurred, and the same red shift for other C-doped oxides, such as carbon-doped TiO,, was also ob-
served [15].

We calculated the band gap of the C-doped CeO, and the CeO, nanoparticles according to Tauc’s equation [26]:

ohv =A(hv — E,)", (5)
where o is a constant; 4, s, n, and E, are the absorption coefficient, Planck constant, light frequency, and
band gap, respectively. The power index n depends on the type of electronic transition, i.e., n is 1/2 for mate-
rials with a direct band gap and n = 2 for materials with an indirect bandgap. n = 2 was chosen in this study
because CeO; is an indirect conversion material. Inset in Fig. 6 shows a graph of (ahv)? versus energy (hv).
For the C-doped CeO; nanoparticles E, =3.2 (x = 0), 3.1 (x =0.05), 2.9 (x=0.1), and 2.6 eV (x = 0.15).

The band gap of the CeO, was reduced from 3.2 to 2.6 eV with the increase of C concentration from 0
to 15 mol.%. This narrowing of the band gap is due to C doping, through which the C acceptor creates an
energy level near the valence band edge, forming bands located in the conduction band.
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Fig. 6. UV-Vis diffuse reflectance spectrum and Tauc’s plot for the band gap calculation

of the Ce_C,O; nanoparticles, x = 0-0.15.

Figure 7 shows the time-dependent UV-Vis spectrum of MB degradation in the presence of the C-doped
CeO; catalyst with 10 mol.% C concentration under visible light irradiation. The intensity of the characteris-
tic absorption peak of the MB solution decreases with the time of visible light irradiation. These results were
also in good agreement with the optical image showing the degradation of MB as a function of irradiation
time (inset of Fig. 7). The MB degradation reached nearly 94.6% after 180 min of visible light irradiation.

Thus, the C-doped CeO, nanoparticle is an efficient photocatalyst for the MB degradation.
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Fig. 7. Photodegradation of MB under visible light irradiation with different times
in the presence of the Ce;_«C,O; nanoparticles, x = 0.1.
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We further studied the effect of the C-doping concentration on MB degradation efficiency in the pres-
ence of the C-doped CeO; nanoparticles with 0-20 mol% C under visible light irradiation. Figure 8 shows
that the MB degradation efficiency increases gradually as the C-doping concentration increases, reaching the
maximum efficiency at 10 mol.% C. MB degradation processes displayed first-order kinetics by plotting
In(C/Co) versus irradiation time, ¢. The apparent response rate constant (kapp) was calculated from the slope
of the curve, as illustrated in Fig. 8. The kapp value continuously increased as the C-doping concentration in-
creased, with x = 0, kapp = 0.0091 min™!, x = 0.05, kapp = 0.01032 min "', x = 0.1, kapp = 0.01466 min™', x = 0.2,
and kapp = 0.01273 min™'. The C-doped CeO» nanoparticles with a carbon concentration of 10 mol% exhibit-
ted the highest kapp of 0.01466 min!, which was much higher than that of the undoped CeO, nanoparticles.
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Fig. 8. MB degradation performance of the Ce;_.C.O> nanoparticles, x = 0-0.2.

The C-doped CeO, nanoparticle has more defects than the undoped CeO, nanoparticle, thereby increas-
ing the number of oxygen vacancies. The oxygen diffusion rate in the crystal lattice is increased, preventing
the recombination of electron and hole pairs, thereby increasing the photocatalytic activity.

The present reaction occurred through the following mechanism. The first reaction is due to 4v radia-
tion, creating electron-hole pairs, combining with water to form hydroxyl radical species (*OH), and then ox-
idizing MB to CO,, H>0, and N as illustrated below:

CeO2+ hv — CeO; (hole) + electron
Hole + H,O — «OH
Electron + Oy— <Oy
H>0 + «O;" — «OH + OH+ O,
*OH + ¢Oy + hole + MB — CO; + H,O + N,

Conclusions. We have demonstrated the nanostructure and enhanced visible light photodegradation ac-
tivity of MB in the presence of the C-doped CeO» nanoparticles. The grain size of the CeO; crystals can be
adjusted by varying the carbon concentration. The degradation rate of MB increased in the C-doped CeO,
nanoparticles. The reason for the improved photocatalyst activity was that the C-doped CeO; nanoparticles
reduced the recombination of the electron-hole pair. These findings suggest that the present method is useful
for controlling the microstructure and the dye degradation properties of the C-doped CeO, nanoparticles,
which is particularly important for catalyst engineering.
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