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ABSTRACT

This study describes the use of a composite nitrate salt solution as a precursor to
synthesize CeO, and Gd,03;-doped CeO, (GDC) nanoparticles (NPs) using an
atmospheric pressure plasma jet (APPJ). The microstructures of CeO, and GDC NPs
were found to be cubical and spherical shaped nanocrystallites with average particle
sizes of 10.5 and 6.7 nm, respectively. Reactive oxygen species, detected by optical
emission spectroscopy (OES), are believed to be the major oxidative agents for the
formation of oxide materials in the APPJ process.

Based on the material characterization and OES observations, the study
effectively demonstrated the feasibility of preparing well-crystallized GDC NPs by
the APPJ system as well as the gas-to particle mechanism. Notably, the Bader charge

of CeO; and Ce(9Gdy 0, characterized by density function theory (DFT) simulation
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and AC impedance measurements shows that Gd helps to increase the charge on

Ce9Gdp 10, NPs, thus improving their conductivity and making them candidate

materials for electrolytes in solid oxide fuel cells.
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1. INTRODUCTION

Pure stoichiometric CeO,, which is known to be an electrical conductor, has a

structure analogous to calcium fluoride (fluorite). When ceria is doped with oxides of

bi- or tri-valent metals, the ionic conductivity becomes larger than the electronic

conductivity; due mainly to the introduction of oxygen vacancies.

Experimental studies based on trivalent metal ions doped-ceria have received

much attention due to their potential applications as electrolyte materials for solid

oxide fuel cells (SOFCs). According to Kilner and Brook [1], maximum ionic

conductivity in oxide fluorites could be achieved from the addition of dopant causing

a minimum elastic strain in the host crystal lattice. Kim [2] proposed a concept of

critical ionic radius (7c), at which the dopant causes neither expansion nor contraction

in the host fluorite oxide lattice. A cation with anionic radius equal to 7. should be the

ideal dopant to show the highest ionic conductivity. Recently, Omar ef al., [3] studied

the relationship between the cation size of trivalent dopant and the ionic conductivity

in doped ceria. They found the maximum ionic conductivity is achieved in Nd-doped

CeQ,, instead of Gd-doped CeO,, as predicted by Kim’s critical ionic radius theory

and additionally, that the migration enthalpy is dependent on the dopant type, which

contradicts previously reported data [2]. They concluded that the ionic conductivity is

not a function solely of elastic strain, and that . is not sufficient to explain the
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behavior of ionic conductivity in doped ceria. Comparing the results for ceria doped

with different aliovalent dopants, Gd,O3-doped CeO, (GDC) is reported to be one of

the most promising solid electrolyte materials for the operation of SOFC below 700

°C [4, 5]. In the die pressing and sintering process, GDC is inherently difficult to

densify below 1500 °C [6-8]. Ultrafine nanoparticles (NPs) have been proven to

reduce the sintering temperature and raise the densification level (>95%) of solid

electrolytes.

NP materials have been widely applied in industrial application because of their

novel electronic, optical, magnetic, and catalytic properties that are radically different

their bulk counterparts. Multicomponent NPs generally possess characteristics

superior to their individual components, such as higher electrocatalytic activity,

enhanced catalytic selectivity and physical/chemical stability [9, 10]. At present,

several synthesis routes [11-13] are able to produce NPs; many reports currently

described the successful preparation of single component NPs with controlled particle

sizes.

Generally speaking, gas-phase and liquid-phase methods are commonly used to

synthesize NPs. For the liquid-phase methods, these controlled preparations of

multicomponent NPs involve several complicated procedures [14-17] and the control

of various parameters, e.g. pH values, solute/solvent ratios, and reaction
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temperatures/times. NPs produced by gas-phase methods have traditionally used

chemical vapor deposition, which relies on toxic, pyrophoric and expensive organic

volatile precursors. In addition, these gas-phase approaches are complex and have

suffered from excessive particle growth and aggregation, making them far less useful

than liquid phase approaches for NP synthesis.

Atmospheric-pressure plasmas techniques have been used in several applications

for surface treatment [18], thin film deposition [19], and nanoparticle fabrication [20].

Here, we report the use of an atmospheric pressure plasma jet (APPJ) in conjunction

with nitrate salt precursor solutions in a fast oxidation process for the one-step

fabrication of CeO, and 10GDC NPs. So far, the synthesis of CeO, and GDC NPs

using an atmospheric plasma process has not been investigated. In this study, the

fabrication of ceria-based nanoparticles by APPJ is presented, together with a

proposed formation mechanism. DFT simulation was employed for the charge

analyses of CeO, and Cey Gdy 9O, to highlight differences in ionic conductivity.
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2. EXPERIMENTAL SETUP
2.1 APPJ Synthesis of the GDC Nanoparticles

Commercial gadolinium nitrate hexahydrate (Gd(NO3)3 - 6H,0, 99%) and cerium
nitrate hexahydrate (Ce(NOs); - 6H,0, 99%) were purchased from Acros Organics for
the NP synthesis. The APPJ systems were performed using a plasma jet head, a DC
power supply, an ultrasonic generator and a gas delivery system. The precursor
solution was prepared by dissolving Gd(NOs;); - 6H,O and Ce(NOs); - 6H,0O into
de-ionized water to form a aqueous solution with a concentration of 0.05 M. The
molar ratio of metal ions (Gd/Ce = 1/9) was marked as 10GDC in this study. During
the preparation of CeO, and 10GDC particles, the DC power supplied to the plasma
discharge was kept at 300 W, and the flow rate of clean dry air as working gas was
maintained at 40 slm. The atomized precursor solution droplets were generated by a
2.45 MHz piezoelectric oscillator and subsequently transferred into the plasma region
by the O, carrier gas with a flow rate of 1 slm. The resulting particles were then
collected in de-ionized water in a pyrex beaker.
2.2 Materials Characterizations

The crystallite structure of prepared CeO, and 10GDC particles were verified by
X-ray diffraction (XRD, Bruker D2 Phaser, Cu-Ka radiation of radiation of 1 =

1.5405 A), employing a scanning rate of 0.02 deg - s in the 26 range from 20° to 80°.
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The structure refinement and the lattice parameters were obtained using Bruker
TOPAS 4.2 software. The morphology and selected area electron diffraction (SAED)
of the prepared particles were characterized using FEI Titan transmission electron
microscopy (TEM) operated at 200 kV accelerating voltage. Particle size distribution
from dynamic light scattering (DLS) measurements was done with Malvern Zeta
Seizer instrument of Model No. NANOZA90. All the scattered photons are collected
at a 90 ° scattering angle. Optical emission spectroscopy (OES, BRC112E Series Fiber
Coupled 16 Bit USB CCD Spectrometer, B&W Tek Inc., USA) was employed for the
qualitative investigation of plasma species under normal pressure. An optical fiber
with a lens was placed in front of the plasma region to collect light emissions directly.
The electrical performance of the prepared CeO, and 10GDC were studied by
measuring the impedance spectra of pellets in the frequency range from 0.01 Hz to 3
MHz using an impedance analyzer (Zahner, IM6ex, Germany) with ac amplitude of 10
mV at 500 and 700 °C. The pellets were prepared using a cold pressing method at 1 ton
pressure and were then sintered at 1500 °C for 5 h in air. Platinum electrodes with a
thickness of 70 um were secured to either sides of the sintered pellet using Heraeus

CL11-5100 Platinum adhesive paste and held at 1050 °C for 1 h.
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2.3 Computational Details

For the DFT calculations, we employed projector-augmented waves (PAW)
[21-24] generalized gradient approximation (GGA) [25-27] as implemented in the
Vienna ab initio simulation package (VASP) [28-30]. In the calculation of the plane
waves, we used a cut-off energy of 350 eV, which was chosen by total energy
convergence calculations for CeO; (111) and Ce9Gdy 0, (111) slab systems. The
CeO; (111) and Cep9Gdy 1O, (111) slab systems were initially constructed on a lattice
with bulk CeO, bond lengths and then allowed to reach their lowest energy
configurations by a relaxation procedure. Using this optimization procedure, the CeO,
(111) slab system doped with gadolinium was investigated, and the charge transfer in
CeO; (111) and CepoGdy 0, (111) slab system was estimated. The surface was
constructed as a slab within the three dimensional periodic boundary conditions:
models are separated from their images in the direction perpendicular to the surface
by a 14 A vacuum layer. The simulated slab dimensions of CeO, (111) and
Ce09Gdo 10, (111) are 11.478 x 11.478 x 21.029 A3, and the simulated slab
dimension of Gd (001) is 10.894 x 10.894 x 19.777 A’. For visualization and
presentation purposes, Gaussian software was used. Bader charge analyses, were
performed using the software provided at http://theory.cm.utexas.edu/vtsttools/bader/.

The simulation graphics in this work were generated using XCrySDen [31, 32].The
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bottom three layers were kept fixed to the bulk coordinates; full atomic relaxations

were allowed for the top six layers. For these calculations, a 4 x 4 X 1 k-Point mesh

was used in the 3 x 3 super cell. The atoms in the cell were allowed to relax until the

forces on the unconstrained atoms were less than 0.01eV/A.
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3. RESULTS AND DISCUSSION
3.1 X-ray Diffraction and Rietveld Refinement Analyses

The crystallite structures of the prepared CeO, and 10GDC samples, analyzed by
XRD, are shown in Fig. 1. The results reveal that the prepared samples had the cubic
fluorite structures of CeO, and Ce9Gdy 10195, which are close to the standard JCPDS
cards, respectively (CeO,: #34-0394; Cey9Gdy0;9s: #75-0161). In order to get
precise structural insights into the synthesis materials during the APPJ process, all
samples were verified by Rietveld refinement [33]. The points are the observed
intensities and the line is the Rietveld fit. The background was corrected using a
Chebyschev polynomial of the first kind and the diffraction peak profiles were fitted
by Pseudo-Voigt function. Refined structural parameters along with the R-factors are
listed in Table 1. The Rietveld parameters of R,,, Re, and GOF for CeO, and
10GDC, are 4.82 and 3.15, 1.20 and 0.80, and 1.53 and 1.50, respectively. The
Rietveld results indicated that a good agreement was obtained between the
experimental relative intensities and the simulated intensities from the model. The
calculated lattice constants of prepared CeO, and 10GDC are 5.411 and 5.417 A,
which are similar with the theoretical values of 5.416 and 5.418 A, implying that Gd**

ion evidently substituted into ceria lattice for the increase of lattice constant [34] by

10
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APPJ process. The average crystallite sizes of prepared CeO, and 10GDC were found
to be around 10.3 nm and 6.4 nm, respectively
3.2 Microstructure Analyses of CeQO; and 10GDC

To learn the microscopic structure and morphology, we have performed the
HR-TEM analysis and FFT images on the CeO, and 10GDC samples, the results are
displayed in Fig. 2. The agglomeration of prepared CeO, and 10GDC is depicted in
Figs. 2a-b, which indicates that the high surface energy among the NPs provided
strong interactions (such as van der Waals forces) [35]. The lattice configuration of
the sample is clearly shown in the HR-TEM image, which serves as the evidence that
the prepared CeO, and 10GDC are quite crystalline. The d-spacing of 3.11 A and 3.12
A can be ascribed to the (111) crystal face of cubic phase CeO, and 10GDC. CeO,
and 10GDC show nanostructural cubical and spherical shapes with the average particle
sizes being approximately 10.5 nm and 6.7 nm by DLS analysis (see top right inset in
Figs. 2a-b), which in a good agreement with the calculated crystalline size of XRD.
As shown in the FFT images (Figs. 2c-d), all the diffraction spots are well indexed to
cubic phases (111) and (200) planes. According to a molecular dynamics simulation
by Sayle and co-workers, the favoured shape of a CeO, NP is a truncated octahedron,
with exposed {110} and {111} faces [36]: the theoretical models studies provide
compelling validation for our experimental studies.

11
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The TEM-EDS spectrum (Fig. S1) taken from the same region reveals the

characteristic peaks of O, Ce and Gd elements (the Cu signals are ascribed to the

copper grid), suggesting the successful preparation of Gd-doped CeO, NPs by APPJ.

In addition, the characteristic peak of nitrogen was not detected, indicating NOj3

species from the initial precursor solution were not involved in the reaction with the

metal ions to form nitrides or oxynitrides.

3.3 Electrochemical Impedance Analysis

Figure 3 shows the impedance spectra of the CeO, and 10GDC samples measured

at 700 °C. Table 2 summarizes the grain conductivity, grain boundary conductivity,

and total conductivity of these samples, which were obtained by fitting the measured

impedance plots using the equivalent circuit shown in the inset of Fig. 3. In the

equivalent circuit, R, and Ry, represent the resistance corresponding to the ion

conduction inside the grains and the resistance arising from the ion conduction at grain

boundaries, respectively. The total ionic conductivity is calculated using following

equations:
/
o=—"
RA (M
Rr = Rg + Rgb (2)

where / is the pellet thickness, A4 is the area of electrodes, and R is the value of

resistance obtained from fitting the impedance spectrum. The grain conductivity and

12
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total conductivity were calculated using the grain resistance, R,, and the total resistance,
R + Ry, respectively. From the results listed in Table 2, it can be seen that the grain
conductivity is on the order of 10° and 10® S/cm for CeO, and 10GDC samples
measured at 700 °C, respectively. As for the overall conductivity, a considerable
increase in the overall conductivity from 2.3 x10™* S/cm to 4.2 x 107 S/cm is observed
as Gd doped into CeO; lattice, implying that the improved ionic conductivity was
attributed to the CeO, with Gd dopant.
3.4 Proposed Formation Mechanism of Nanoparticles by APPJ

To elucidate the final decomposition temperature of the powder product, the
TGA/DTG spectra were recorded from the cerium nitrate hexahydrate (Ce(NO3); -
6H,0, 99%) and gadolinium nitrate hexahydrate (Gd(NO;)s - 6H,0, 99%), as shown in
Figs. 4a-d, respectively. The TGA curve of cerium nitrate hexahydrate (Fig. 4a) shows
three major weight loss regions, the first and second peaks at around 157 °C and 224
°C, as seen in the DTG plot (Fig. 4b), can be mainly assigned to the dissociation of
three and six water molecules in the cerium nitrate hexahydrate, resulting in further
12% and 26% weight loss and two peaks at 150 °C and 221 °C. The third weight loss
starting around 293 °C corresponds to the decomposition of the anhydrous salt, which
gives rise to a strong peak at 289 °C and a 57% weight loss. At temperatures in excess
of 293 °C, no obvious weight loss was found, indicating an appropriate

13
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decomposition temperature for the preparation of the powder product is 300 °C.

Gadolinium nitrate hexahydrate (Figs. 4c-d) follows a different pattern when

heated. The two inflection points in the weight loss curve at about 169 °C and 255 °C

should correspond to the 11% and 21% weight loss of crystalline water, respectively.

The 21% of total weight loss at 255 °C is very close again to the stoichiometric

amount corresponding to subtraction of six water molecules (i.e., 24%).

Decomposition of the anhydrous salt seems to occur in two stages starting at about

353 °C and reaching a plateau at 405 °C. This plateau corresponds to a total weight

loss of about 49%. The second process starts at about 475 °C reaching a second

plateau at about 521 °C at which a 57% total weight loss is recorded. From 521 to 672

°C, an additional gradual weight loss of 3% results in a total weight loss close to the

stoichiometric conversion value to Gd,O; (i.e., 60%).

Evaluation of plasma temperatures for generation of NPs is an important step in

the APPJ process. Figure S2 shows the temperature evolutions for the APPJ process at

various powers. The results indicated that the temperature increased rapidly from 0 to

15 s and then became steady, which were approximately 323, 425, and 674 °C at 300,

400, and 500 W, respectively. According to the above results, the final decomposition

temperature of gadolinium nitrate hexahydrate (672 °C) was below the plasma

temperature of 300 W (323 °C), implying that the decomposition temperature was not

14
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sufficient to produce Gd,Os3 at 300 W, and to further react with CeO; to form GDC
NPs. For the traditional fabrication of a single 10GDC phase [37-39], the calcined
temperatures of synthesis methods mainly rely on the decomposition temperatures of
initial precursors and the reaction temperature between Gd,O3 and CeO,. As a result,
we predicted that the formation of oxidized products is related to the chemical
reactions inside the plasma region in an APPJ system.

To gain further insight into the mechanism of particle synthesis and to identify
the reactive plasma species involved in the plasma exposure, the plasma analysis was
performed by optical emission spectroscopy. The spectral characteristics between
200-900 nm (dry air plasma) with the atomized precursors transferred by O, carrier
gas were plotted - see Figure S3. The spectral lines were identified using NIST
reference data [40]. Within the 200-450 nm range, the spectral features in dry air are
referred to the main emitted peaks of Nj, N,", and NO. Due to dry air being composed
of 78.09% nitrogen gas, the spectrum showed a second positive system of the nitrogen
molecule (Na, C3Hu-B3Hg, 290-410 nm), the first negative system of the nitrogen
molecular ion (N, BZEu-Xng, 330-450 nm), and the nitric oxide y-system (NO,
A?Z-XT1, 220-290 nm) [41-45].

According to the results of TEM-EDS (Fig. S1), the characteristic peak of
nitrogen was not detected, indicating excited nitrogen-related species were not

15
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involved in the reaction with the metal ions to form nitrides or oxynitrides. However,
the excited peaks of O," and O* located at a range between 450 and 900 nm play
important active species in the reactions of air plasma. The first negative systems of
0, (0, b42g- *I1,, 450-700 nm) and oxygen radicals (O*, 3p°P-3s’S" and 3p’P—
3s’S°, 777.34 and 845.46 nm) were also detected in the spectrum [46]. The production
of oxygen radicals as a strong oxidative agent in the APPJ processes was considered
to be the oxygen source reacting with metal ions inside the atomize droplets to form
the oxidized product in this study. In addition, the presence of cerium and gadolinium
species was not detected, which can be attributed to the lower concentration of the
initial precursors.

By considering the above results, a schematic mechanism responsible for the
formation from the precursor solution by the APPJ process has been proposed and is
shown in Fig. 5. First, the mixture of gadolinium nitrate and cerium nitrate as
precursor was dissolved in de-ionized water to form an ionized homogeneous solution,
which was subsequently atomized to form the atomized droplets for the further
transportation to the plasma jet by O, carrier gases. The average diameter of the
atomized droplets can be determined using Lang’s equation [47] on the assumptions
that waves of spherical diameter are created and that the liquid velocity at the sides of

the dish is equal to zero.

16
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1

3
ddmplet = 034( 8717; J
pf

@®)

where dgropier 18 the atomized droplet diameter (um), r is the surface tension of pure
water (72.9 mN - m_l), p is the solution density (1030.3 kg - m> ), and f'is the ultrasonic
frequency of the piezoelectric ceramic oscillator (2.45 MHz). The diameter of the
atomized droplets calculated using the above parameters was found to be 2.27 ym. An
atomized droplet can be viewed as numerous metal ions in each droplet being present
by the weight percentage concentration of the initial precursors. The calculated
number is 1.8x10% metal ions in each droplet. Based on above results, it is believed
that predominantly nanosized CeO, and 10GDC particles were formed by the gas-to
particle mechanism, due to the nucleation of particles from gas phase [48]. An
obvious difference in diameter between the atomized droplet and prepared particles
was confirmed as the atomized droplets decomposed into NPs and underwent a
reduction of size due to the evaporation-decomposition of water and disolved nitrate
ions (NO3'aq) = NOx(y)), in-flight reaction, melting and solidification. Furthermore,
most metal elements are available as dissolved nitrate salts in aqueous solution. The
atmospheric pressure plasma process generated oxygen-related as strong oxidative
agents caused the metal ions to form the oxidized product. Based on our results and
the proposed mechanism, APPJ process can be utilized as a fast oxidation process to

achieve one-step fabrication of CeO, and 10GDC nanoparticles, as well as the
17
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functional oxide materials for other applications.
3.5 DFT calculation and Bader charge analyses

In order to understand the sharp increase in the electrical performance of

10GDC, we have investigated their Bader charge variation. From experiment

observation and density functional theory (DFT) study, the conductivity of 10GDC is

higher than that of CeO, contributed to the improvement of the clear charge transfer

by the electronic effect. The DFT computations were performed for the CeO, (111),

Gd (001), and Cep9Gdy O, (111) systems in order to interpret the observed

phenomena of variation in efficiency in the following section. For studying

Gd-doping CeO, issues such as charge transfer, an appropriate surface model has

been determined with much care. To discuss the electronic structure effects on the

CeO; (111) and Cey9Gdy10, (111) systems, the slab model approaches have been

respectively employed as the surface models. For modeling the CeO, (111) molecules,

and Ce9Gdy10; (111) and Gd (001) slab surfaces, we have adopted slabs as shown in

Figs. 6a-c.

The Bader charge analyses were carried out for CeO, (111), Cey9Gdy 10,

(111), Gd (001) to examine the charge transfer between Ce-O and Gd atoms, and the

charge results are listed in Table 3. In the Cey9Gdy 10, (111) system, the charge of

oxygen was increased from 7.3016 e (for the bare CeO, (111)) to 7.3534 e. This is

18
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quite reasonable that the donation of charge of Gd atom as doped metal to oxygen

would easily occur. Since Ce has a less electronagativity (1.1) than that for oxygen

(3.5), greater electron donation to O from Gd atom of the doping metal than that from

Ce can be inferred. All these factors severely reduce effective bonding between the

Gd and Ce-O. Thus, the present study clearly demonstrates that the improved charge

transfer of Gd-doped CeO; mainly arises due to the higher value of Bader charge,

implying that an electronic effect plays an important role for improving ionic

conductivity of CeoGdo 0, system. Figure 6 illustrates the activity dependence on

charge donation in CeyoGdy;O,. At present, we are interested in a preliminary

estimation of how atomic charges may change with the Gd dopant. Therefore, we

believe that the CeO, (111) surface doped with Gd metal could play an important role

in the electrochemical reaction of SOFCs.

19
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4. CONCLUSIONS

We report a novel technology using an atmospheric pressure plasma jet (APPJ)

for the preparation of CeO, and 10GDC NPs. Several advantages in this fabrication,

such as one-step fabrication without by-products, fast oxidation process of the

obtained product and achieving the high temperature phase through plasma chemical

reactions allowed us to synthesize pure and multicomponent nano-sized particles.

Therefore, the preparation of various NPs using the APPJ system could be used as a

new alternative of a low cost fabrication.

The most important discovery is that controlling the alloying extent of Gd

represents a promising approach to improve the ionic conductivity by Bader charge

analyses for SOFCs applications. A better understanding of this interaction will

facilitate the design of better conjugates for Ce9Gdy O, nanocrystals for various

applications.

20
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FIGURE CAPATIONS

Figure 1 Rietveld refinement analyses for XRD spectra of prepared (a) CeO, and (b)

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

10GDC by APPI.

HR-TEM images, FFT pattern and particle size distribution of prepared (a,

c¢) CeO; and (b, d) 10GDC nanoparticles by APPJ.

Impedance spectra of CeO, and 10GDC pellets were measured at 700 °C.

The TGA/DTG analysis results of (a) weight loss and (b) differential

versus temperature for Ce(NO3)s - 6H,O precursor; (c) weight loss and (d)

differential versus temperature for Gd(NOs); - 6H,0 precursor.

Proposed formation mechanism of nanoparticles from atomized solution

droplets into an APPJ process.

Bader charge analyses of CeO, (111) and Ce9Gdo 10, (111) and Gd (001)

systems.

SUPPLEMENTARY FIGURES CAPATIONS

Figure S1 TEM-EDS pattern of prepared (a) CeO, and (b) 10GDC particles.

Figure S2 Plasma temperatures at 300, 400, and 500 W.

Figure S3 Optical emission spectra of the CDA plasma with atomized precursors and

O, carrier gas.
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TABLE CAPATIONS

Table 1 Crystallographic data and structural refinements of CeO, and 10GDC

prepared by APPJ.

Table 2 The grain conductivity, grain boundary conductivity and total conductivity

of CeO, and 10GDC measured at 700 °C.

Table 3 Bader charge analyses of CeO, (111) and Ce9Gdo 10, (111) and Gd (001)

systems.
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Table 1
Composition CeO, Cep9Gdy.101.95
Space Group Fm3m Fm3m
Ryp (%) 4.82 1.20
Rexp (%) 3.15 0.80
GOF 1.53 1.50
a(A) 5.411 5.417
Cell volume (A?) 158.45 159.26
Unit cell density (g/cm’) 7.215 7.216
Crystallite Size (nm) 10.3 5.3
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Table 2
Grain Grain Boundary Total
Sample Conductivity Conductivity Conductivity
(S/cm) (S/cm) (S/cm)
CeO, 4.7 x10°° 6.1 %107 2.3 x10™*
10GDC 2.6 x10™ 7.3 x107 42 %107

All samples were sintered at 1500°C
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Table 3
Species Charge (e) Charge difference (e)
CeO, (111) Ce: 9.8486 -
0:7.3016
Gd(001) Gd: 8.993
Cep9Gdy10x(111) Ce: 9.8461 Ce: 9.8486—9.8461 = +0.0005
0O: 7.3534 0:7.3016-7.3534 =-0.0518

Gd: 6.800

Gd:  8.993-6.800=+2.193




