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Cerium-doped ZnO nanopowders were synthesized using the simple refluxing technique. The synthe-
sized samples were characterized by X-Ray diffraction, which confirmed their hexagonal structure. No addi-
tional peaks due to the interstitial incorporation or substitutions of Ce*" ions into the ZnO lattice were ob-
served. Ce 3dsp and 3ds;» had well-separated orbits of A = 18.26 eV. The observed spin-orbit splitting as
well as the separation between 3ds; peaks by 16.47 eV were in good agreement with those reported. The
presence of 917.85 eV also confirmed the presence of Ce*" ions. Raman studies showed that for Ce-doped
Zn0 the nonpolar interaction E>y grew strong and had a dominant intensity.
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Hanonopowxu ZnO, necuposannvie yepuem, CUHMe3UPOBAHbL HPOCHILIM MEMOOOM KUNIUeHUs. ¢ 00pam-
noim xonoounvrukom. Cunmesuposanuvie o6pasybl 0XAPAKMEPU306aHbl C NOMOUbIO PEHM2SEHOBCKOU Ou-
@paxyuu, KOmMopas NOOMEEPI’HCOAem 2eKCAZOHANbHYI0 CMPYKMYPY; U3-3d MeHCO0Y3EeNbHO20 B3auMooeli-
cmeus unu 3amewenus uonos Ce** ¢ pewemrxe ZnO nuxakux 0onoanumensuvix nukoe ne Habnooarocs. Ce
3ds u 3ds;» umerom xopowo pazdenenuvie opoumsl A = 18.26 3B. Habniodaemoe cnun-opoumanvnoe pac-
wennenue, Kax u pazoenenue nuxog 3dsp na 16.47 3B, coenacyemcs ¢ uzgecmuvimu oannvimu. Hanuuue nu-
xa, coomsemcmeyiowezo 917.85 3B, noomesepocoaem cywecmeosanue é ewjecmee uonos Ce*". Hecnedoea-
HUSL MemMoOOM CHEeKMPOCKONUU KOMOUHAYUOHHO2O paccesnus céema noxaswisaiom, umo oas ZnO, donupo-
BAHNHO20 UOHAMU Yepusl, HenoaapHoe g3aumoodeticmeue Ery cmanosumes cunoHuimM 4 0oMuHupyem.

Knrwouesvle cnoea: nanokpucmarni, HAaHonOpOULOK, Memoo PEeHmeeHO8CKoU OUPPaxyuu, CReKmpoCKonus
KOMOUHAYUOHHO20 PACCesHUs C8emd.

Introduction. Cerium, being the first member of the lanthanide series, can possess anomalous emission
characteristics (from the UV to the red region). It is chosen as a suitable dopant for ZnO, which has numer-
ous defect states [1]. Cerium oxide, being one of the superantioxidants and a form of the rare earth metal
cerium, remains relatively stable as it cycles between cerium oxide III and I'V. In the first state, nanoparticles
have gaps in their surface that absorb oxygen ions like a sponge. When cerium oxide III is mixed with free
radicals, it catalyzes a reaction that effectively defangs the reactive oxygen species (ROS) by capturing oxy-
gen atoms and turning them into cerium oxide IV. Cerium oxide IV particles slowly release their captured
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oxygen and revert to cerium oxide III, so they can break down free radicals again and again. Cerium can help
treat traumatic brain injury, cardiac arrest, and Alzheimer’s patients, guard against radiation-induced side
effects suffered by cancer patients, and perhaps even slow the effects of aging [2]. Several authors have re-
ported ZnO:Ce as a photo-catalytic and antioxidant agent [2—7].

We have reported the synthesis and detailed diffraction studies of ZnO:Ce [8]. Previously, the influence
of Ce** was anticipated, but here we are able to confirm the presence of Ce*" ions in the ZnO lattice. As
there are many luminescence properties of defects in doped ZnO [1, 7], we have extended our earlier work
by characterization with Raman and X-ray spectroscopies.

Experimental. GR grade (purity> 99%) zinc acetate (Zn(CH3COO),-2H,0), cerium nitrate
(Ce(NO3)3 - 6H20), urea (CH.NH2COOH), and ethylene glycol (CoHgO2) were procured from E. Merck India.
No further purification was carried out. In a typical experiment, 0.5 g of zinc acetate was dissolved in 50 mL
of ethylene glycol. Around 1.5 g of urea was added into this solution, and the temperature was raised up to
150°C and maintained at this value for 2 h. A white precipitate of ZnO was obtained, separated by centrifu-
gation, and washed several times with quadruple distilled water and methanol (so as to remove traces of im-
purities). After that, the samples were dried at room temperature. For Ce (2 and 10 mol.%)-doped ZnO
nanocrystals, the same procedure was followed; an appropriate amount of cerium nitrate was dissolved in the
solution at the beginning of the reaction process.

The phase identification of the synthesized ZnO nanocrystals was performed on a Rigaku MiniFlex II
with a CuKy, target (A = 1.54060 A) at room temperature. The X-ray generator was operated at 30 kV with
a scan speed of 2°/min. An X-ray photoelectron spectroscopy (XPS) PHI Model 550 ESCA/SAM system
600 W was used to study the XPS spectra. A micro Raman system Jobin Yvon Horiba LABRAM-HR Visi-
ble (400—1100 nm) was used for Raman measurements.

Results and discussion. To ascertain the crystalline nature of pristine and doped ZnO nanocrystalline
powders, X-Ray diffraction studies were performed. The pattern is shown in Fig. 1. The peaks located at 20
values are ascribed as the (100), (002), (101), (102), (110), (103), (200), (112), and (201) crystal planes of
wurtzite ZnO (JCPDS No 36-1451). In all the cases, the synthesized nanopowders are phase pure, and no
additional signatures were observed. In the doped nanopowders, the presence of Ce*" forming CeO, would
have a peak at 20 = 28.3° (JCPDS No 34-0394)), but here, due to the Ce** substitution or interstitial incorpo-
ration at the Zn?" sites, no such peak was observed. In the present case, the broadening peak is assigned to
the smaller crystallite size. From the 20 values, the interplanar spacing d of the peaks is calculated (Table 1).
The lattice parameters a and c increase slightly as the radii of Ce*" (0.092 nm) are larger than those of Zn**
(0.084 nm) (Table 2) we anticipate that at low Ce concentrations, interstitial incorporation is favored, while
at high Ce concentrations, substitution and interstitial substitution are comparable processes [8, 9].
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Fig. 1. X-ray diffraction pattern for undoped and Ce doped ZnO nanopowders and the standard data from
JCPDS file No. 36-1451. No variation in peak positions is observed except for a few variations in intensities.
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TABLE 1. Comparison of Observed and Calculated d values (A)
of Some Reflections of ZnO:Ce Nanopowders

h k / dundoped dcal 2mol.% dcal 10mol.%
1 0 0 2.865 2.910 2.920
0 0 2 2.649 2.664 2.664
1 0 1 2.529 2.533 2.529
1 0 2 1.934 1.941 1.934
1 1 0 1.641 1.649 1.647
1 0 3 1.489 1.496 1.489
2 0 0 1.419 1.423 1.419
1 1 2 1.387 1.392 1.392
2 0 1 1.365 1.373 1.374

TABLE 2. Variation of Lattice Parameters For Various Dopant Ion Concentrations

Ce, mol.% a c c/a
0 3.25 5.22 1.6061
2.0 3.27 5.28 1.6146
10.0 3.28 5.29 1.6128

The formation of vibrational states due to Ce incorporation into the ZnO lattice is detected by the XPS
studies for 10 mol.% doping. Here, in all the XPS spectra, the binding energies were calibrated by taking the
carbon C 1s peak 284.6 eV as the reference. The high-resolution scans of O 1s, Zn 2p, Zn 3d, and Ce 3d are
shown in Fig. 2 for 10 mol.%. In the O 1s region, the energy is 530.87 eV. The peaks located at 1023.18 and
1046.21 eV are associated with Zn 2ps3» and Zn 2p1., respectively. The high resolution scans also show that
the binding energy of Ce 3ds» located at 882.63 eV is of Ce(IV) and the energies of 899.59 eV and
917.85 eV are also of Ce(IV) (as also reported in [3, 4, 6]). This clearly indicates the presence of Ce*ions.
Ce 3ds;» and 3ds» have well-separated orbits of A = 18.26 eV the observed spin-orbit splitting is in good
agreement with those reported. Meanwhile, the separation between 3ds;, peaks is 16.47 eV [3, 8]. The multi-
plet peaks of Ce 3d may be due to the removal of the 3d core electron, and the 4f level is pulled down due
to the core hole potential, causing the charge transfer from oxygen 2p to Ce 4f[3]. Figure 2 shows the peak
at 9.55 eV, which is of Zn 3d.
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Fig. 2. XPS Spectrum of the Ce 10 mol.% doped ZnO sample annealed at 500°C
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Raman scattering is very sensitive to the microstructure of nanosized materials. It is a nondestructive
characterization method for studying the vibrational properties of ZnO nanostructures. Raman scattering is
used here to clarify the quality and structure of ZnO nanocrystals. The wurtzite ZnO belongs to the space
group Ce,* with two formula units in the primitive cell. Each primitive cell of ZnO has four atoms, each oc-
cupying Cs, sites, leading to 12 phonon branches, 9 optical modes, and 3 acoustic modes [9]. The optical
phonons at the I point of the Brillouin zone belong to the following irreducible representation: ['ope = 14 +
+ 2B+ 1E1+ 2E>[10]. For the optical modes, B1 modes are Raman silent modes. For the long-range electro-
static forces, both 41 and £ modes are polar and both Raman and infrared active, which split into transverse
optical (TO) and longitudinal optical (LO) phonons. A nonpolar phonon mode with symmetry £> has two
frequencies; E is associated with oxygen atoms, and E» is associated with the Zn sublattice. Among the
optical modes, 41, E1, and E> are Raman active [11]. The Raman spectra of the undoped and Ce-doped ZnO
nanocrystals excited by the 488 nm line of an argon laser are shown (Fig. 3). The peaks located at 330.2,
380.8, 437.6, and 579.6 cm™! are observed. The peaks located at 330.2, 380.8, and 437.6 cm™! can be as-
signed to the second-order Raman spectra 2E, (M), A1, and Exn, respectively. The strongest peak centered
near 437.6 cm™! is the characteristic mode (£>u) for the hexagonal phase of ZnO. This nonpolar mode can be
observed in the Raman spectra of all samples. It indicates the good crystallization of the nanocrystals and
further confirms the results from XRD patterns. In addition, a broad peak located at 579.6 cm™! can also be
observed.
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Fig. 3. Raman spectra for undoped ZnO (a) and comparative Raman spectra for undoped (1),
2 (2) and 10 mol.% (3) ZnO (b).

Usually, the peak located at 574 cm™! in bulk ZnO corresponded to the 411 phonon. It can be observed
only in the configuration when the c-axis of wurtzite ZnO is parallel to the sample interface. When the c-axis
is perpendicular to the sample interface, the Eip (591 cm™) phonon is observed instead. According to the
theory of polar optical phonons in wurtzite nanocrystals, the frequency of the 1LO phonon mode in ZnO
should be between 574 and 591 cm™'. So the peak near 579.6 cm™ is due to the superimposition of A
and E 1L [1 1]

It should be noted that, for transition metal oxides, the Raman spectra reported in the literature vary
from sample to sample depending on the size and morphology of the crystallites. It acquires a special signifi-
cance for nanocrystals. The more affected bands are TO and LO and their splitting. The shifting of the Ra-
man bands to higher wave numbers is due to the nanocrystalline nature. The weight of the Zn atom
(65.39 a.m.u.) is about four times higher than that of the oxygen atom (15.99 a.m.u.). Hence, in the wurtizite
structure of ZnO, vibrations from the oxygen atom are assumed to be involved. The Eoy mode is due to the
nonpolar phonon mode. In Ce-doped ZnO this nonpolar interaction becomes strong, and the peak related to
this interaction is shifted to 460 and 464 cm™!. Here no signal is observed at 457 cm™!, showing the presence
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of CeO; originating from the Raman active mode characteristic of CeO», as the ZnO vibration is stronger
than that of CeO,. Similar results have been reported in [4, 12]. Suppression in the intensity of 330.2 and
380.8 cm ™! is observed. The 4; (TO) mode shows the strength of the polar lattices bond. The decrease in the
intensity supports the fact that the polar character of the wurtzite structure of ZnO is reduced when cerium
ions are introduced.

The peak near 579.6 cm™ is shifted to 605 cm™. This can also be considered as being due to the for-
mation of defects such as oxygen vacancy and interstitial Zn [12]. The higher wavelength bands are assigned
to either emission from the Ce lowest band (E,) or to the formation of some new type of defects upon syn-
thesis.

Conclusion. Ce-doped ZnO nanocrystals were synthesized using the reflux method. XPS and Raman
studies were carried out to find the presence of Ce** or Ce*" states. The presence of Ce *" ions was confirmed
by XPS studies. We observed the binding energy of Ce 3d (3ds» peaks) located at 882.63 and 899.53 eV
with well-separated orbits of A =16.47 eV. Also 899.59 and 917.85 eV (3ds» and 3ds») peaks had a separa-
tion of A = 18.26 eV. The presence of 917.85 eV also confirmed the presence of Ce*" ions. From Raman
studies it follows that in Ce-doped ZnO the nonpolar interaction becomes strong and has a dominant intensi-
ty, which confirms the high crystal quality.

Acknowledgment. The authors owe sincere thanks to UGC DAE Indore for carrying out XPS and Ra-
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