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Quantitative analysis of a Fe304 + LixFe304 
sample by the X-ray Rietveld method 
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The Lix Fe304 phase shows a strong peak-overlapping with those of pure magnetite, and a 
routine X-ray analysis does not allow the detection of the presence of any Fe304. However, a 
careful inspection of the observed calculated difference pattern has led to the deduction of the 
presence of Fe304. This paper shows that the Rietveld method can be used to obtain signifi- 
cant information about the relative concentration of the components of a two-phase sample, 
even in the case of poor crystallinity, strong overlapping between the diffraction peaks, and 
only a partially known structure. 

1. Introduct ion 
The Rietveld method is largely used for the analysis of 
neutron diffraction data of polycrystalline materials 
[1]. In the X-ray case it has not been possible to find 
an easily-handled analytical expression for the line 
shape, with some adjustable parameters having physi- 
cal meaning [2-4]. However, Pearson VII or Pseudo- 
Voigt functions [3] can be used with satisfactory 
results in most cases. 

In addition to the peak-shape problem, the main 
disadvantage of X-ray diffraction (XRD) with respect 
to the neutron case is the lower sensitivity to discrimi- 
nate elements of close atomic number and the strong 
preferential orientation of the particles that for most 
materials, appears when the conventional diffrac- 
tometers are used in the reflection mode. This last 
point needs deeper research in order to find useful 
correction functions and to improve the sample 
preparation. Despite these difficulties, when one is 
dealing with complex structures, constraints between 
parameters or generalized coordinates can be used 
successfully in both cases [5, 6]. 

X-ray diffractometers are used much more than 
neutron reactors and consequently the X-ray case 
is being extensively investigated in order to extract 
the maximum information contained in diffraction 
patterns. In particular, the analysis of patterns con- 
taining more than one single phase has not been 
studied enough, in spite of this some currently avail- 
able programs include the possibility to perform this 
kind of refinement in a very straightforward manner 
[7, 8]. The paper of Bendall and Thomas [8] presents 
a serious discussion concerning the possibility of a 
quantitative analysis of mixtures. In summary, it is 
argued that the strong correlation between the scale 
factors (or occupation factors) and temperature par- 
ameters within and/or between the patterns of each 
phase, leads to a very high inaccuracy of the relative 
fraction of each phase. These authors conclude that 

the errors in the composition obtained by Werner 
et al. [9] must be multiplied by a factor of two. 

In this paper we present a description of the refine- 
ments carried out on LixFe304, a material of par- 
ticular interest for its potential application as a solid- 
state battery electrode. This compound is specially 
convenient for performing a test of the multicom- 
ponent Rietveld method because its simple structure 
(spinel-like cubic structure) leads to an important 
overlapping with the Fe304 pattern and the unknown 
parameters to be refined are mainly profile par- 
ameters. It should be emphasized that the purpose of 
this paper is not to solve the structure of LixFe304, 
which cannot be completely described as a simple 
cubic spinel structure (see below). 

The paper is organized as follows. In Section 2 the 
experimental details, including synthesis, M6ssbauer 
Spectroscopy and X-ray diffraction are presented. The 
factors contributing to the scale factors and its use in 
determining the relative concentration of each phase 
in a multiphase pattern are also discussed. 

In Section 3 a review of the proposed mechanism of 
lithium incorporation in Fe304 is given. We present 
the Rietveld results of the different single-phase 
models used to illustrate how we have been forced to 
assume the existence of two phases, which was later 
confirmed by M6ssbauer Spectroscopy. In Section 4, 
we show the refinements performed with a two-phases 
model. In Section 5 we summarize the most important 
conclusions of this study. 

2. Experimental  and analysis  m e t h o d s  
The lithium insertion process has been carried out at 
room temperature by using n-buthyl lithium and high- 
purity Fe304. The lithium content of the sample has 
been determined by atomic absorption, leading to the 
chemical formula Lil. 7 Fe304. Further synthesis details 
can be found elsewhere [10]. 

The M6ssbauer spectrum has been recorded at 
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room temperature by using a 57Co:Rh source and a 
512-channels analyser. 

The X-ray diffraction pattern has been recorded 
between 14 ° and 100 ° two-theta values, in a step- 
scanning mode (A20 = 0.04 °, t = 10 sec step ~1) with 
a Siemens D-500 diffractometer, using CuKe radia- 
tion and a pyrolitic graphite diffracted-beam mono- 
chromator. A 0.05 ° slit detector was used leading to 
the number of counts per step between 30 (back- 
ground) and 2700 (maximum). The complete pattern 
profile has been refined by using the DBW3.9 version 
of the Wiles and Young program [7]. The pseudo- 
Voigt (p-V) line-shape function was used. However, in 
all cases the refined r/parameter [7] and its standard 
deviation always included the value corresponding to 
a simple lorentzian profile. In fact, the lorentzian 
component of the p-V function should be expected to 
be dominant if the peak broadening is caused by 
crystallite-size effects [11]. 

The determination of the relative concentration of 
each phase present in the sample has been evaluated 
from the refined scale factors Ki. It includes the contri- 
butions given by the expression: 

Ki = aV~/V~[t (1) 

where a is a constant, common for all of the phases. It 
contains universal constants and the factors necessary 
to obtain intensities in an absolute scale. V,. is the 
irradiated volume of phase i and V~ is the volume of 
the corresponding unit cell. The linear absorption 
coefficient/3 holds for all the sample. This expression 
is correct in the approximation of infinite sample 
thickness, when the absorption factor entering in the 
diffracted intensity expression is independent of the 
scattering angle, and when the occupation numbers in 
the structure-factor calculations are introduced in 
such a form that F~ (0 0 0) gives the correct number of 
electrons per unit cell for each phase [12]. 

When two phases are present in the sample, the 
relative fraction of one of them can be obtained from 
Equation 1 as: 

r12 = K1V~IZIMI /K2V~zZ2M2 (2) 

x2 = 100/(1 + rl2) (3) 

where Zi and Mi are the number of formula units per 
unit cell and the molecular weight, respectively. In our 
case, when a secondary phase (magnetite) is included 
in the refinement, we will assume its cell and all struc- 
tural parameters except the temperature factor to be 
known (and fixed). Therefore, the scale factor is the 
unique fitting-parameter of the secondary phase 
necessary in order to get its concentration. 

The fitting parameters are the usual in the Rietveld 
method (see [7] for details). We have employed a 
six-parameter polynomial function to fit the back- 
ground. The asymmetry correction was included for 
angles lower than 20 = 50 °. 

The cycles of refinement were continued until the 
variation of all the parameters were lower than 0.3 
standard deviations. 

As mentioned above, in all refinements we have 
used the Fd3m space group to describe the structure of 
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the lithiated phase. This space-group takes into 
account only the average structure. There exists some 
weak peaks at angles 21.22, 31.70 and 34.08 (20) which 
can be approximately indexed as the forbidden reflec- 
tions (2 0 0), (2 2 1-3 0 0) and (3 1 0), respectively; This 
fact may indicate that some type of order is estab- 
lished giving rise to a superstructure, probably with a 
weak tetragonal distortion. We have not tried to 
propose any model because the quality of the data 
does not permit us to go further, in spite of a poorer 
Rwp index, no pattern region was excluded in the 20 
(14 ° to 100 °) interval. 

3. Structural models for LixFe304, 
Single-phase results 

Previously reported data on LixFe304 [13] show that 
the 16d octahedral subarray of the spinel structure 
(Fe304) remains unchanged by lithium incorporation. 
For x higher than some small critical concentration 
(xc), a cooperative displacement of the tetrahedral 
Fe-ions towards the empty 16c octahedral sites of the 
spinel Fd3m space-group takes place, leading to a 
defective rock-salt structure. The Li-ions are inserted 
in the remaining 16c positions up to x - -  1. For 
2 >~ x > 1, the Li-ions can occupy the tetrahedral 8a 
or 48f available sites. 

These results have been obtained from a conven- 
tional analysis of the X-ray diffraction data together 
with analysis of the open-circuit voltage measure- 
ments. Therefore, it seems worthwhile to reinvestigate 
the X-ray diffraction data of this compound (not well 
crystallized), by using the Rietveld method on the 
basis of the following models: 

(i) (Lix i Fey)8a(LiFel_y)16c(Fe2)16dO4 
(ii) (Lix_ i-y Fey)sa (Lil +yFe1_y)~6~(Fe2)~6dO4 
(iii) (Lix_ 1_y)8a (Liy)48r(LiFe)16c(Fe2)16dO4 
In Table I we summarize the calculated values of 

y, a, u, Boy, Rwp, RE and RB, in the single-phase 
refinements for the three models, y gives the cationic 
distribution, a and u are the lattice and the oxygen 
parameters respectively. Bov (nm 2) is the overall tem- 
perature factor, Rwv, RE, and Ra are the quality-of-fit 
parameters: R-weighted, R-expected, and R-Bragg. In 
all cases the value x = 1.7 obtained from the chemical 
analysis, was assumed. 

In Fig. 1 we show the fitted X-ray diffraction 
pattern for Model (i) together with the pattern differ- 
ence between the observed and calculated data. The 
inspection of this figure clearly reveals a systematic 
displacement towards lower angles of the calculated 
pattern with respect to the experimental one. In 
addition, the computed intensity of the (2 2 0) reflec- 
tion is lower than the observed one, suggesting that 
the occupation factor of Fe-ions in the tetrahedral 
8a-sites should be higher than the value obtained from 
the fit, which is constrained by the chemical com- 
position. The fits of Models (ii) and (iii) reveal the 
same features. In addition, Model (iii) leads to an 
unacceptable negative occupation factor for lithium in 
the 48f sites. 

On the basis of the R indices it is not possible to 
discriminate between these different models. More- 
over, all these results show that one-phase models do 
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Figure 1 X-ray diffraction pattern of LixFe304, fitted with the single-phase model (i). Arrows indicate forbidden reflections in Fd3m space 
group (see text). 

not match the experimental data, and suggest the 
presence of a secondary phase, probably magnetite. 

The M6ssbauer spectrum (Fig. 2) of the sample 
confirms the presence of the secondary phase. The 
relevant feature of this spectrum is the coexistence of 
a magnetically ordered phase together with a pard- 
magnetic one. We have calculated from the absorp- 
tion areas, that the magnetic phase is 16(2)% of the 
total amount of sample and its M6ssbauer parameters 
(isomer shift, quadrupole splitting and hyperfine 
magnetic field) are very similar to those found in 
pure magnetite [14]. A detailed discussion of the 
M6ssbauer results can be found elsewhere [15]. 
Therefore, we conclude that the sample contains two 
phases, one very probably being pure magnetite. 
Consequently, we are forced to refine the diffraction 
pattern assuming the presence of two phases. 

4. T w o - p h a s e  m o d e l  
We have started from the assumption that no Fe-ions 
are present in tetrahedral 8a-sites in the lithiated phase 
[10] and the octahedral 16c positions are fully 
occupied. The remaining 0.7 Li being incorporated in 
8a sites. For the pure magnetite phase, the lattice 
parameter (a = 0.8395nm) and the oxygen par- 
ameter (u = 0.254) [16] were used as fixed parameters 
in the fitting. In the first step we have also assumed 
that the overall isotropic temperature factor and the 
half-width parameters are the same for both phases. 

When using this model the Rwp index dropped to 
14.88. The remarkable lower value obtained for Rwp 
confirms the presence of Fe304 in the sample. The 

concentration of magnetite obtained from Equation 3 
gives a value of 16.1(5)%. The error of this value was 
estimated by applying the standard propagation error 
methods, and perhaps, they give an unrealistic small 
error. We will discuss this point later. This concentra- 
tion is in very good agreement with the M6ssbauer 
result. Therefore, it follows that the actual lithium 
concentration in the lithiated phase must be corrected 
from the value x = 1.7 to x = 2.0. 

Accordingly, the fitting process has been repeated 
using x = 2.0 and the same constraints in the adjust- 
able set of parameters. As expected, no significant 
difference in the Rwp index has been observed 
(Rwp = 14.84). 

In Table II we summarize the obtained results. The 
symbols (A) to (D) are used to indicate the refinements 
with the following constraints: (A) BI = B2 and 
HWI = HW2, (B) B l ~ B2 and HWI = HW2, (C) 
BI = B2 and HWI ~ HWz, (D) B1 ~ B2 and 
HWI ~ HW2, where B and H W  stand for isotropic 
temperature factor and half-width parameters of 
phase i. 

In Fig. 3 we show the Rietveld-refined pattern 
together with the difference pattern between the 
experimental and the calculated profile using x = 2.0 
and constraints (A). The improved quality of the fit 
with respect to the fit obtained with a single-phase 
model (Fig. 1) can be clearly appreciated. 

The inspection of the data in Table II reveals some 
interesting features that should be emphasized. 

1. When any set of constraints is relaxed, a different 
XM value is obtained. These XM values do not overlap 

T A B L E  I Parameters obtained from the fit of the profile of the X R D  pattern 

Model a (nm) u y Boy (nm 2) Rwp RE RB 

(i) 0.8461(i) 0.2510(7) 0.175(6) 0.007(1) 18.28 7.73 4.83 
(ii) 0.8461(1) 0.2510(7) 0.192(6) 0.007(1) 18.28 7.73 4.82 
(iii) 0.8460(1) 0.254(1) -- 2.577(1) 0.009(2) 18.75 7.73 5.01 

The symbols (i), (ii), (iii) refer to the different structural models discussed in the text. 
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Figure 2 Room temperature M6ssbauer spectrum of 
Li x Fe 304. 

within their standard deviation. However, the stan- 
dard deviation of the M6ssbauer result includes all the 
different XM values obtained by XRD. 

2. When the constraint B1 = B2 is relaxed, a nega- 
tive Bov is obtained for the magnetite phase. However, 
temperature factors are generally rather unreliable in 
the X-ray Rietveld refinements, and evenmore in the 
present situation of  a strong peak overlapping. 

3. When the constraint H~ = /-/2 is relaxed, mag- 
netite peaks appear to be larger than those corres- 
ponding to the lithiated phase. Despite the difficulty 
of interpretation, this fact seems reasonable when 
account is taken of the delithiation process, which 
takes place at the surface of the grains and leads to 
very small F e 3 0 4  crystallites. 

4. The introduction of the BI = B2 and H~ = H 2 
constraints, despite their lack of physical significance, 
leads to a Fe304 concentration very close to the value 
obtained from M6ssbauer spectroscopy [15]. 

Despite the low scattering factor of lithium, it 
may be argued that the fit for x = 1.7 can be depen- 
dent on the assumption that the 16c positions are fully 
Li-occupied and therefore that the concentration of 
about 16% of magnetite may no longer be valid. In 
order to investigate this effect we have refined the data 

with the two-phase model, but using a different 
lithium concentration (0.6), and allowing for a free 
Li-distribution over the available 8a and 16c sites. 
This particular concentration is suggested by the 
isomer shifts of the low-velocity lines in the M6ssbauer 
spectrum and the deduced Fe+2/Fe +3 ratio [15]. Our 
results show that Rwp does not vary appreciably with 
the lithium distribution, as expected: Rwp[(Li0.6)8, ] = 
15.23, XM = 15.3(5), and Rwp[(Li0.6)~6c] = 15.31, 
XM = 17.1(5). 

Therefore, we can conclude that the concentration 
of magnetite (16%) deduced from the x = 1.7 case is 
practically independent of the lithium concentration 
and distribution. 

5. Conclusions 
The results obtained in this study show that it is not 
possible to discriminate between different models of 
lithium distribution, due to its tow scattering factor 
with respect to those of the iron and oxygen ions. 
Moreover, the true lithium concentration of  the 
lithiated phase remains unknown. These facts break- 
down the possibility of  solving the structure of 
LixFe304 from the X-ray powder diffraction data. 

However, from these data two important conclusions 

T A  B L E I I Parameters obtained from the fit of the profile of the X-ray pattern, with a two-phases model 

(A) (B) (C) (D) 

P 17 18 20 21 
Rwp 14.84 14.82 14.52 14.50 
R E 7.73 7.72 7.72 7.72 
R B 4.90, 4.54 4.57, 4.39 5.26, 4.65 5.13, 4.59 
B (nm) 0.004(1) 0.005(1), -0.001(3) 0.0035(8) 0.004(1), 0.001(3) 
U 1.8(2) 1.7(2) 1.5(2), 5(2) 1.4(2), 6(2) 
V - 0.9(2) - 0.9(2) - 0.6(2), -4(1)  - 0.6(2), -5(2)  
W 0.24(4) 0.23(4) 0.15(3), 1.0(2) 0.15(3), 1.2(3) 
a (nm) 0.84636(8) 0.84640(9) 0.8464(1) 0.8465(1) 
u 0.2512(8) 0.2511 (8) 0.2510(7) 0.2509(7) 
K, (106) 48.2(8) 48.9(8) 46.7(7) 47.2(9) 
K 2 (106) 9.2(2) 8.6(3) 10.8(3) 10.3(5) 
x M (%) 15.6(5) 14.6(6) 18.3(6) 17.5(1.0) 

U, V, and W are the coefficients of the line-width function. P is the number  of fit parameters, K~ and K 2 stand for the scale factor of Li2, o Fe 3 04 
and Fe304, respectively, xM(% ) is the weight fraction of magnetite. The second number  in a given row and array is the corresponding 
parameter of magnetite. The remaining symbols have the same meaning as those in Table I. (A), (B), (C) and (D) refer to different sets of 
constraints in the fitting procedure. 
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Figure 3 X-ray diffraction pattern of LixFe304, fitted with the two phase model (A). 

can be extracted. The first is that if the classical quan- 
titative analysis methods cannot be used (very strong 
overlapping, standards cannot be p r e p a r e d , . . .  ) the 
Rietveld method can be successfully used, even if the 
structures are only partially known. 

In addition, it should be noticed that the xM values 
obtained from any refinement run (different structural 
models and different constraint sets) are in agreement 
(within the standard deviation) with the value deduced 
from M6ssbauer spectroscopy. 

The second conclusion refers to the evaluation of 
the estimated error of  the magnetite concentration xM 
from XRD. Due to the strong correlation between 
fitting parameters, the errors evaluated by the stan- 
dard propagation formula are unrealistic, and in order 
to include the experimental concentration (from the 
M6ssbauer results), the XRD standard deviation of  
xM should be multiplied by a factor of 3. 
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